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CHARACTER  I ZA  riOM  OF  ELECTRICALLY  ACTIVE 
DEFECTS  IN  SI  USING  CCD  IMAGE  SENSORS 
CONTRACT  NO.  NCQ173-76-C-028Q 


Errata 

Page  11,  paragraph  4.  lines  3 and  4 should  raad: 


lot.  In  addition,  several  slices  from  a control  group  were  included  to  verify 
the  consistency  of  the  processing  from  lot  to  lot. 


Page  13.  paragraph  i.  line  7 should  read: 

topograph  ms  actually  a series  of  exposures  with  the  photographic  plate 
placed  as  close  as 

Page  14.  paragraph  1,  line  4 should  read: 

defects  were  visible  in  x-ray  topographs.  This  was  a result  of  either  the 
small  size 

Page  18,  paragraph  3.  line  3 should  read: 

originated  by  prismatic  punching.  Certainly  Figure  5(c)  is  consistent  with 
Pace  21,  paragraph  I.  line  6 should  read; 

deposition  and  prior  (Lo  the  boron  drive/thlck  oxide  growth  step;  howevei  , it 
Page  paragraph  2,  line  2 should  read: 

reaction  1 /2 < 1 0 1 > 1/6(211)  + 1/6(112).  The  two  partial  dislocations  are 

Page  paragraph  3,  lines  11  and  12  should  read: 

reported  to  occur  when  the  dislocation  is  close  to  the  screw  (or  0°  orienta- 
tion).*^ The  extrinsic  stacking  fault  energy  is  deduced  to  be  lower 
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Page  101.  paragraph  line  3 should  read: 

appropriate  in-contrast  220  reflection,  and  under  conditions  of  exact  Bragg 
reflection  (s  « 0). 

Page  119*  paragraph  3.  line  8 should  read; 

of  the  Shockley  partials  is  an  easy  process.  The  dislocation  responsible 

Page  153.  Figure  C-1.  should  have  the  following  note: 

Indicates  points  at  which  in-process  topographs  were  taken  (Section  IV). 

Page  154,  paragraph  9.  line  5 should  read; 
if  the  carriers  diffuse  to  the  CCD  wells. 
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he  purpose  of  the  work  mmda»'4ei«t«wb!-ft»f"ll8ttS3nS6dMBftg  has  basn  to 

oharmoterise  slsotrioally  aotive  dafsots  in  silioon  using  a CCD  araa  imager  as 
a tast  atruoture.  CCD  laagers  have  bean  fabrloatad  on  a variety  of  substrata 
materials  and  operated  to  determine  the  looatlon  and  density  of  dark  ourrent 
produo ing  defects;  the  defeots  have  been  oharaoterized  by  x-ray  topography  and 
by  conventional  and  soanning  transmission  eleotron  aiorosoopy. 

Four  classes  of  defeots  with  five  speoifio  origins  have  been  found  to  be 
dark  current  sources: 

(1)  Dislocations  from  devioe  stresses,  froa  process  stresses,  and  froa 
the  unfaulting  of  stacking  faults. 

(2)  Stacking  faults  nucleated  froa  frontside  daaage. 

(3)  A defect  looated  at  the  Si/Si02  interface. 

(4)  A defeot  of  atomlo  dimensions  that  causes  banding  in  the  dark 
ourrent  pattern. 

No  evldenoe  of  precipitation  was  found  on  any  dark  ourrent  producing  defeot. 
The  eleotrioal  aotivity  of  dislocations  is  consistent  with  a model  in  whloh 
undissoolated  perfeot  dislocations  in  the  depletion  region  are  dark  ourrent 
souroes,  while  dissociated  dislocations  (split  into  two  Shockley  partial 
dislocations)  are  not  electrically  active. 

Both  baokslde  aeohanical  damage  by 
Sound  Stressing  (ISS)  have  been  found  to  be  only  slightly  beneficial,  at  best, 
reduoing  the  number  and  intensity  of  dark  ourrent  spikes,  but  not  eliminating 
them.  Bulk  swirl  precipitation  of  oxygen  underneath  CCD  imagers  has  been 
found  to  be  oapable  of  very  effective  gettering,  with  some  imagers  found  to  be 
defeot-free. 


glass  bead  sandblastingHlUl  Impact 


The  unfaulting  of  s&aoking  faulta  has  baan  studied,  and  an  impurity, 
probably  oxygen,  has  been  found  to  be  adsorbed  onto  ataoking  faults.  Under 
oertain  oirouastanoes,  this  iapurity  preoipi tates  during  the  unfaulting 
prooess,  getterlng  oopper.  Subsurf aoe  nuoleation  of  ataoking  faults  has  been 
observed  and  detemined  to  be  nuoleated  by  oxygen  and  oopper.  It  appears  that 
this  is  the  souroe  of  staoking  faults  in  CCD  isagers. 


Orientation  of  the  devioe  ohannel  stops  in  (100)  directions  has  been  used 
suooessfully  to  suppress  devioe  stress  generated  dislocations. 


It  is  believed  that  the  best  Material  for  CCD  isagers  is  Czochralaki- 
grown  silioon  whioh  produoes  bulk  preoipitation  of  oxygen.  Backside  gettering 
say  be  used  generally,  but  will  not  iaprove  the  perforaanoe  if  bulk 
preoipitation  is  present. 


Additional  researoh  is  neoessary  to  specify  the  material  parameters  and 
treatment  whioh  produoe  bulk  precipitation.  While  a high  oxygen  content  is 
neoessary,  it  has  not  been  found  to  be  sufficient.  Other  areas  of  reooaaended 
investigation  inolude  the  development  of  an  incoming  quality  oontrol  soreen 
for  low  defeot  material,  the  determination  of  the  effectiveness  of  other 
baokside  getterlng  teohniques,  and  the  development  of  low-defect  processes 


whioh  minimize  thermal  oxidations. 


SECTION  I 


INTRODUCTION 

The  purpose  of  the  work  under  Contract  No.  N00173-76-C-0280  has  been  to 
characterize  electrically  active  defects  in  silicon  using  a charge  coupled 
device  imager  as  a test  structure.  Since  the  CCD  imager  is  essentially  an 
array  of  MOS  capacitors,  each  approximately  645  4m2  (1.0  mil2)  in  area,  it 
provides  an  excellent  way  to  pinpoint  crystalline  defects  whose  eleotrioal 
aotivity  produces  leakage  current  in  the  depletion  layer  of  an  MOS  device. 
With  the  device  that  has  been  used  in  these  studies,  imagers  on  a 7.6  cm  (3 
inch)  slice  constitute  in  excess  of  3 , 000, 000  MOS  capacitors.  The  CCD 
structure  provides  a simple  means  of  reading  these  capacitors  and  presenting 
the  large  quantity  of  information. 

Three  benefits  accrue  from  using  the  small  MOS  capacitors  of  the  CCD 
imager  rather  than  a larger  MCS  test  structure: 

(1)  The  precise  location  of  an  electrically  active  defect  is  determined. 
This  enables  a search  of  a specific  location  by  other  means  to  determine  the 
cause  of  electrical  activity. 

(2)  Information  on  the  density  of  defects  in  a specific  area  is 
obtained.  This  enables  a search  to  be  made  of  this  area  for  defects  present 
in  that  density. 

(3)  The  CCD  imager  sees  a full  processing  cycle,  as  compared  to  a single 
oxidation  for  most  MOS  test  capacitors.  This  means  that  the  defects  produced 
will  be  typical  r those  that  cause  problems  in  real  devices. 

For  structural  characterization  of  the  defects,  diffraction  methods  are 
well  suited.  X-ray  topography  is  capable  of  resolution  to  ~ 1 nm,  hut 
generally  is  capable  of  imaging  defects  no  smaller  than  5 4m.  Where  defects 
are  imaged,  however,  it  is  possible  to  make  one-to-one  correlations  of  defects 
and  electrical  activity.  Our  experience  has  shown  that  the  two  classes  of 
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defeota  tbat  are  imaged  in  devioea  are  dialocationa  longer  than  ~ 5 urn  and 
staoklng  fault  cluatera.  In  addition,  tranamiaaion  x-ray  topography  ia 
capable  of  imaging  defeota  throughout  the  bulk  of  the  wafer  and  therefore  la 
uaeful  in  understanding  the  operation  of  "getterlng”  meohanlama. 

Higher  reaolution  required  the  uae  of  tranamiaaion  electron  mioroaoopy. 
Here  the  aample  ia  thinned  to  ~ 1 urn  and  obaerved  in  tranamiaaion.  Uaing  weak 

O 

beam  techniques,  precipitate  partiolea  aa  small  aa  15  A have  been  iiiaged  on 
dialooatlona.  The  inherent  disadvantage  of  tranamiaaion  electron  mioroaoopy 
ia  that  only  a portion  of  the  depletion  region  oan  be  examined,  i.e.,  a 1 urn 
thickness  of  the  5 u ■ deep  depletion  region. 

For  chrmioal  characterization,  the  x-ray  analytical  capabilities  of  a 
scanning  transmission  electron  microscope  are  ideal.  Using  this  instrument, 

o 

it  haa  been  possible  to  detect  copper  in  precipitate  partiolea  ~100  Ain 
diameter.  It  ia  estimated  that  these  particles  contain  < 10^  atoms  of  copper. 

A.  Organization  of  Reaearoh  and  Report 

The  organization  of  thia  report  largely  follows  the  execution  of  the 
reaearoh  program.  To  assist  those  unfamiliar  with  the  defect  nomenclature,  a 
brief  summary  ia  presented  in  Appendix  A.  At  the  beginning  of  the  program, 
material  for  devices  was  obtained  and  processing  Initiated.  The  operation  of 
the  device  choaen  for  this  program  and  an  outline  of  the  front-end  prooeaa  are 
contained  in  Appendixes  B and  C,  respectively.  While  we  were  awaiting 
prooeaaed  devioea,  slices  containing  devices  were  made  available  for  Initial 
evaluation.  Theae  preliminary  observations  are  reported  in  Section  II.  Also 
during  this  period,  improved  x-ray  topography  techniques  and  aample 
preparati  .r  techniques  for  eleotron  microscopy  were  considered.  Theae  are 
reported  in  Appendixes  D and  E.  The  bulk  of  the  work  characterizing  defeota 
in  laagers  ia  reported  in  Section  III.  Thia  section  contains  results  on  a 
variety  of  materials,  both  with  and  without  backside  mechanioal  damage. 
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Simultaneous! y with  this  main  thrust,  two  additional  series  of 
experiaents  were  conducted.  The  first  of  these  consisted  of  a study  of  the 
evolution  of  defeota  during  processing.  In  this  experlaent,  a group  of  slioes 
was  processed,  with  transaission  x-ray  topographs  taken  of  eaoh  wafer  after 
ea oh  high  temperature  step.  The  results  of  these  investigations  are  reported 
in  Section  IV.  The  seoond  set  of  experiaents  was  oonducted  to  understand  the 
evolution  of  stacking  faults  during  the  course  of  processing.  The  results  of 
these  experiaents,  which  provide  a significantly  iaproved  understanding  of 
stacking  faults,  dislocations,  and  the  effect  of  trace  amounts  of  oopper  in 
silicon,  are  presented  in  Section  V.  This  inforaatlon  has  proved  vital  in 
understanding  the  causes  of  defects  in  CCD  imagers. 

Section  VI  presents  a discussion  of  all  of  the  experimental  results, 
addressing  three  important  questions:  (1)  What  are  the  dark  current  producing 
defects  in  CCD  laagers?  (2)  Why  are  they  electrically  active?  and  (3)  What 
are  their  origins?  In  this  section,  models  for  electrical  activity  and 
scenarios  for  their  evolution  are  presented. 

The  final  section  of  this  report,  VII,  makes  specific  recommendations  for 
future  work  and  for  possible  ways  of  producing  CCD  imagers  and/or  VLSI  devices 
with  few  or  no  dark  current  defects. 

B.  Summary  of  Significant  Findings 

(1)  Pour  classes  of  defeots  with  five  specific  origins  have  been  found 
to  be  dark  current  sources: 

e Dislocations  from  device  stress,  from  process  stresses,  and 
from  the  unfaulting  of  stacking  faults  whose  origin  is  sub- 
surf aoe  bulk  nuoleation. 

e Stacking  faults  nucleated  froa  frontside  damage. 

e A defect  located  in  the  S1/S102  interface. 

e A defect  of  atomic  dimensions  that  causes  dark  current  banding. 
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(2)  Ro  evidence  of  precipitation  and  no  detectable  impurities  have  been 
found  on  any  defects  in  CCD  imagers. 

(3)  Electrical  activity  ia  attributed  to  the  presence  of  undissoolated 
perfeot  dislocations  and  Prank  partial  dislocations  in  the  depletion  region  of 
the  devioe.  Dark  ourrent  spikes  are  visible  when  there  is  sufficient  length 
of  these  defects  in  the  depletion  region. 

(4)  Only  the  interface  defect  is  "gettered"  by  backside  meohanioal 
damage  produced  by  glass  bead  sandblasting.  The  total  dark  current,  however, 
is  significantly  reduced. 

(5)  Inpact  Sound  Stressing  (ISS)  has  been  found  to  be  no  nore  effeotive 
than  backside  danage  by  glass  bead  sandblasting  in  eliainating  dark  ourrent 
spikes. 

(6)  Inagers  located  over  regions  of  a slice  containing  bulk  swirl 
preoipitation  of  oxygen  contain  significantly  fewer  dark  ourrent  spikes  than 
devloes  over  regions  containing  no  bulk  swirl  preoipitation.  Frequently, 
these  devices  are  defect- free. 

(7)  The  atonlstic  defect  oausing  dark  current  banding  responds  to 
short-range  gettering(<  50  4a) . 

(8)  The  unfaultlng  of  stacking  faults  has  been  studied,  and  the 
pertinent  dislocation  reactions  have  been  deduced. 

(9)  Stacking  faults  in  silicon  have  been  found  to  contain  a large 
quantity  of  adsorbed  impurity  (>  10 1 **  atoms/cm2  of  stacking  fault).  It  is 
deduoed  that  this  is  primarily  oxygen. 

(10)  Evidenoe  that  copper  is  adsorbed  to  staoking  faults  has  been  found 
in  experiments  independent  of  imager  processing. 

(11)  Evidenoe  has  been  found  that  the  subsurface  nudeation  of  stacking 
faults  is  oaused  by  trace  amounts  of  copper. 


SECTION  II 

PRELIMINARY  OBSERVATIONS 

A.  Introduction 

To  determine  the  effect  of  material  variability  on  the  dark  ourrent 
performance  of  CCD  imagers,  two  series  of  experiments  were  undertaken.  In  the 
first  series,  standard  starting  materials  of  various  types  were  used,  devices 
fabricated,  and  total  dark  currents  oompared.  In  the  seoond  set  of 
experiments,  the  effect  of  backside  mechanical  damage  on  total  dark  currents 
was  examined. 

B.  Results 

Forty- five  wafers  were  processed  in  the  first  lot,  including  15 
Varlan-pulled  Czochralskl  wafers,  15  wafers  from  a standard  TI  rf-heated 
Csoohralaki  puller,  and  15  Vaoker  float-zone  slices.  Devioes  that 
passed  multiprobe  tests  were  mounted  on  dual-in-line  ceramic  (CDIP)  headers 
and  characterized  for  image  quality  and  total  dark  current.  Results  of  the 
dark  ourrent  measurements  are  shown  in  Table  1.  Conversion  of  total  dark 
ourrent  to  nA/om2  requires  that  figures  in  the  table  be  multiplied  by  1.85. 
Figure  1 shows  placement  of  bars  on  a 7.62  om  (3  inch)  wafer  by  device  number. 

Results  of  this  experiment  were  surprisingly  conclusive.  Slnoe  all 
wafers  were  subjected  to  each  processing  step  together  and  were  randomly  mixed 
in  diffusion  boats,  differences  among  wafers  can  be  considered  to  be  largely  a 
result  of  starting  material.  Examining  dark  current  levels  for  any  given 
wafer  number  reveals  a statistically  significant  grouping.  Although  the 
number  of  devioes  tested  is  too  small  to  be  certain,  it  appears  that  a given 
starting  wafer  will  tend  to  yield  devioes  with  dark  current  levels  of  the  same 
order  of  magnitude  if  process  variables  are  held  constant. 
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Table  1 

Park  Current  Measurements  - Lot  ^1 


Wafer  # 

Device  # 

Material 

RF-9 

27 

RF-Heated  Czochralski 

RF-ll 

9 

RF-ll 

26 

RF-15 

14 

RF-J5 

20 

RF-15 

33 

RF-Heated  Czochralski 

W-10 

16 

Wacker  float-zone 

W-10 

22 

W-ll 

5 

W-ll 

9 

w-n 

23 

W -12 

1/ 

W-J3 

21 

w-13 

22 

Wacker  float-zone 

v-3 

4 

Voriap  Czochralski 

v-3 

6 

V-3 

33 

V-4 

10 

v-4 

28 

v-4 

34 

v-13 

21 

v-13 

27 

v-13 

29 

V-l4 

27 

V-15 

4 

V- 1 5 

5 

V-15 

26 

V-15 

32 

V-16 

21 

V-16 

22 

1' 

V-16 

27 

Varian  Czochralski 

Total  Dark  Currant  (nA} 

4.3 

6.1 

5.0 

63.0 

138.0 

89.5 


153.7 
29.8 

14,600 

250,000 

350,000 

150.0 

34.7 

83.0 


56.3 

55.8 

71.8 

19.2 
5.9 

7.0 

5.2 

5.1 
13.3 

4.4 
815 
280 
168 
619 

5.8 

8.5 
4.4 


4 


4 


i 


1 


i 

« 

i 

3 
I 

4 
| 


I 


1 


6 


1 

2 

i 

3 

10 

9 

16 

17 

27 

26 

33 

34 

41 

40 

13  14  15  16  17  18  19  20  21 


30  29  28  27  26  25  24  23  22 


A second  result  is  also  apparent  from  Table  1.  The  Waoker  float-zone 
■aterial  yields  a significantly  higher  level  of  dark  ourrent  than  either  of 
the  two  types  of  Czoohralski  material.  Comparison  of  the  lowest  dark  ourrent 
devioes  from  eaoh  of  the  three  groups  gives  4.3  nA  for  rf-heated,  34.7  for 
Waoker  float-zone,  and  4.4  for  Varian  Czoohralski.  Corresponding  average 
values  are  51.0  nA,  76,881  nA,  and  126.2  nA,  respectively.  Elimination  of  the 
worst  Waoker  wafer  reduced  that  value  to  90.24  nA,  while  the  rf-pulled  group 
would  beoome  5.1  and  the  Varian,  20.2  nA. 

Devioe  dark  current  shows  no  clearly  deteotable  trend  with  plaoement  on 
the  wafer,  but  the  number  of  devioes  in  this  test  is  too  small  to  attaoh 
meaning  to  this  observation.  Sinoe  devices  from  each  of  the  three  material 
groups  appear  to  be  randomly  placed  on  the  wafers,  there  is  no  reason  to 
believe  that  placement  affected  the  results  seen  in  comparing  the  three 
groups. 

Comparison  of  the  float-zone  results  with  Czoohralski  Si  suggests  that 
the  reduoed  oxygen  content  achieved  w*th  float-zone  techniques  may  not  be  the 
most  important  variable  for  controlling  dark  current.  A possible  explanation 
relates  to  the  observation  that  the  Waoker  slices  were  heavily  stress-relieved 
on  the  baok  surfaces.  The  two  types  of  Czoohralski  material  retained 
substantial  baokside  damage  from  final  grinding  and  therefore  may  have 
exhibited  baokside  damage  gettering. 

A second  experiment  was  conducted  using  three  groups  of  silicon:  (1) 
Varian  Czoohralski  wafers  with  sandblasted  back  surfaoes,  (2)  Shin-Etsu  wafers 
with  standard  stress-relieved  baok  surfaoes,  and  (3)  Varian  Czoohralski  wafers 
with  lightly  stress-relieved  back  surfaces.  Unfortunately,  there  were  not 
enough  good  devioes  from  this  test  to  draw  absolute  oonolusions,  but  there  are 
some  strong  indications  of  material  effects.  Results  are  summarized  in  Table 
2.  The  small  number  of  Varian  Czoohralski  wafers  with  sandblasted  backsides 
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Dark  Currant  Measurements  - Lot  4(2 


Wafer  # Device  # Material 


V-6 

9 

Varian  Czochratski  - 

V-6 

14 

V-6 

34 

Varian  Czochralski  - 

SE-7 

2 

Shin 

-Etsu 

SE-7 

4 

SE-7 

6 

SE-7 

15 

SE-7 

25 

SE-7 

27 

SE-7 

32 

SE-7 

38 

SE-7 

39 

Shin-Etsu 

V- 10 

28 

Varian  Czochralski  - 

V-37 

22 

V-37 

30 

t 

V-37 

33 

Varian  Czochral ski  - 

Total  Dark  Currant  (nA) 


sandblasted 

16 

23 

sandblasted 

10 

172 

34 

32 

363 

143 

19 

20 

22 

25 

standard  backside 

232 

28 

31 

“tandard  backside 

41 

do  appear  to  ahow  lower  dark  ourrent  leeel«  thaa  tha  aaae  farlac  alloaa 
without  tha  baoksida  damage.  Tha  Shin-Btau  allloon  doaa  not  ahow  significant 
laproeeaent  ovar  standard  Varlan  Czoohralaki  Si,  but  la  not  algnlfloantly 
woraa,  althar.  Sara  again,  tha  "near- polish"  on  tha  baokalda  of  tha  Shia-Ktau 
wafara  (atraaa-raliaf)  jay  ba  related  to  tha  davloa  perforaanoe. 
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3BCTI0N  HI 

DAW  CURB  BIT  DEFECTS  IM  CCD  IMAQgHS  OH  OOWTROLLP  MATERIAL 
A.  Kxperlae ntal 

Silioon  wafers  of  several  types  war*  used  as  starting  Material. 
Cxoohralski  Material  was  obtained  froM  the  Silioon  Material  division  of  Texas 
Instruaents  with  speolfloations  as  Hated  in  Table  3>  Wafers  of  eaoh  group 
were  taken  froa  the  saae  boule.  To  determine  the  position  in  the  boule  froa 
which  the  alloe  was  taken,  a diagonal  notoh  was  out  on  the  flat  before  the 
boule  was  siloed.  The  position  of  the  notoh  on  the  flat  thus  determined  the 
position  of  the  slioe  in  the  boule. 

In  addition  to  the  above  Material,  float-zone  Material  was  obtained  froa 
Weaker  Chemtronio  with  the  saae  speolfloations  as  Group  1.  To  alniaise  the 
effeots  that  variations  in  polishing  Might  have  on  the  density  of  dark  our rent 
spikes,  the  float-soned  siloes  were  subjeoted  to  the  saae  polishing  prooedure 
used  for  the  Csochralski  material. 

Backside  daaage  was  applied  in  two  ways.  On  soae  siloes  half  the 
backside  was  masked  off  using  blaok  wax,  and  baokside  abrasion  was  applied 
using  100  iiM  glass  beads.  Other  wafers  were  submitted  to  NFL  for  applications 
of  Iapaot  Sound  Stressing  (ISS)1  by  0.  Sohwuttke  at  IBM. 

laagers  were  then  fabricated  on  the  oaterial  using  a standardised  process 
(see  Appendixes  A and  3).  Materials  froa  several  groups  were  run  in  the  saae 
lot.  In  addition,  several  siloes  froa  a eontrol  lot  were  included  to  verify 
the  oonsistenoy  of  the  proosssing. 

After  processing,  iaagers  that  were  functional  were  iaaged,  and  the  dark 
current  asps  of  eaoh  laager  were  recorded.  Those  siloes  on  whioh  the  yield 
was  highest  were  seleoted  for  oharaoterization  of  defects. 
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Table  3 

Specification*  for  Subgroups  of  Wafer* 
from  Varian  Czochralski  Crystals 


Group  it 
I 


2 

3 

4 


5 


6 


Detcription 


3 inch  (7.62  cm)  Varian  Czochralskl 
Resistivity  ■ 8 to  15  fi  cm 
Boron  doped 

Diameter  - 2.985  to  3.010  inches  (7.58  to  7.65  cm) 
Orientation  • 1-0-0  ± 1° 

Etch  pit  count  < 500 

Lifeti ne  > 30  (j>sec 

Flat  orientation  » 1-1-0  ± 2° 

Flat  length  ■ 0.9  to  1 . I inches  (2.29  to  2.79  cm) 
Notch  in  flat.  Depth  ■ 0.032  inch  (0.081  cm) 
Width  - 0.115  to  0.135  inch 
(0.292  to  0.3*O  cm) 
Polished  to  17  to  19  mils  (0.43  to  0.48  mm) 

Taper  * 1.5  mils  (0.038  mm) 

Bow  « 2.0  mils  (0.051  mm) 

Same  as  1 , except  backside  abrasion  added 


Same  as  1 , except 

Flat  orientation  • 0-0-1  ± 2° 

Same  as  1 , except 
Orientation  ■ 1-1-1  ± 1° 

Flat  orientation  • 1-1-0  ± 2° 

Same  as  1,  except 
Orientation  » 1-1-1  ± 1° 

Flat  orientation  ■ 1-1-2  ± 2° 


Same  as  1 , except 

Diameter  » 1.985  to  2.010  inches  (5.042  to  5.105  cm) 
Orientation  » 1-0-0  ± 2° 

Flat  length  - 0.5  to  0.6  inch  (I.27  to  1.52  cm) 

Bow  ■ 1.5  mils  (0.038  mm) 
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For  oharaoterisation,  the  overlying  oxide  alialnua  and  polyailioon  war* 
first  reaoved  by  laaersing  ths  si loss  in  an  HP  aolution  to  which  aaoorbio  sold 
had  baan  addad  and  through  which  nitrogan  waa  bubbled.  Thla  waa  naoasaary  to 
eliainate  tha  atrain  intarfaranoa  froa  tha  auparatruotura  that  aasks  tha 
a train  pattarn  of  tha  dafaota.  Reflection  and  tranaalaaion  x-ray  topographa 
ware  than  raoordad  froa  eaoh  alioa.  To  aaxiaisa  tha  raaolution,  aaoh 
topograph  waa  aotually  a aeries  with  tha  photographio  plate  plaoad  as  dose  aa 
poaaibla  to  tha  alioa.  At  least  one  high  raaolution  topograph  waa  aade  of 
aaoh  alioa  using  the  el on-ascorbic  aoid  developer  deaoribed  in  Appendix  B. 

Tha  laagers  were  then  thinned  using  the  prooedure  of  Appendix  B for 
axaainatlon  in  the  tranaalaaion  eleotron  aloroaoope.  . Barlier  work  waa 
perforaed  using  a Sleaena  IA  operating  at  125  kV.  Later  work  used  a 
JI0L-100CX  operating  at  100  kV  ai.d  equipped  with  a field  eaiaslon  gun,  STEM 
attaohaent , and  Kevex  x-ray  detector. 

In  addition  to  the  controlled  aaterial,  soae  additional  devioes  were 
studied,  and  results  are  presented. 

B.  Qeneral  Results 

Soae  general  results  are  disoussed  below,  followed  by  the  apeoifio 
results  for  eaoh  aaterial. 

(1)  It  waa  observed  that  th*  general  distribution  and  density  of  dark 
our rent  spikes  were  consistent  on  aaterial  froa  the  saae  group,  but  prooeased 
in  different  lota.  This  ia  indicative  of  a well-controlled  prooeaa. 

(2)  Slioea  prooeased  on  (111)  aaterial  had  a very  poor  oharge  transfer 
efflolenoy.  It  was  therefore  iaposslble  to  successfully  is age  these  devioes, 
and  this  portion  of  the  experiaenta  was  not  suooessful. 
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(3)  In  general , a one-to-one  oorrelatlon  between  dark  ourrent  apikea  and 
defeota  visible  in  x-ray  topography  was  possible  only  when  the  total  nuaber  of 
defeota  waa  aaall  (<  10).  Aa  the  defect  denaity  increased,  very  few  of  the 
defeota  were  viaible  in  x-ray  topographs.  This  was  a result  of  the  aaall  aise 
or  aurfaoe  nature  of  the  defeot. 

C.  Boaulta  on  Controlled  Material 
1.  Cioohralaki  - group  6 

a.  Iaage  Performance 

This  material  group  was  significant  because  very  few  dark 
ourrent  spikes  were  visible  on  the  laager.  However,  toward  the  edge  of  the 
alioe,  devloea  exhibited  a banding  in  dark  ourrent.  A dark  ourrent  map 
typioal  of  thla  banding  is  shown  in  Figure  2. 

b.  X-Ray  Topography 

Reflection  x-ray  topography  showed  the  existence  of  bands  of 
defeota.  A reflection  topograph  illustrating  this  is  shown  in  Figure  3.  This 
topograph  is  taken  from  the  indicated  portion  of  the  imagers  in  Figure  2. 
Comparison  of  the  dark  ourrent  image  and  the  topograph  revealed  a striking 
correlation  between  bands  having  a high  denaity  of  defects  in  the  topographa 
and  banda  of  low  dark  ourrent  in  the  image,  with  a similar  correlation  between 
a low  density  of  defeota  and  high  dark  current. 

A seotion  topograph  of  this  device  is  shown  in  Figure  4.  It 
oan  be  seen  that  the  bands  of  defects  in  Figure  2 occur  where  a plane  of 
defeota  in  the  bulk  intersects  the  surface.  In  unpublished  previous  work  we 
observed  similar  behavior  in  some  material  and  concluded  that  the  planes  of 
defeota  were  a result  of  the  heterogeneous  precipitation  of  oxygen  onto 
defeota  grown  into  the  crystal. 
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Figure  2 Dark  Current  Map  of  Device  in  Figure  3.  Reflection  topograph  o 
Figure  3 is  taken  at  rectangle  indicated  by  arrow. 


Portion  of  a 422  Reflection  Topograph  of  Device  Exhibiting  Banded  Swirl 
Pattern  of  Dark  Current 


Region  of  Re- 
flection Topo- 

9ra"h'  Fi9-  2 Device  Sid. 


ci mmw&m 


Transmission  Electron  Mi or os cot 


Transmission  eleotron  aicrosoopy  of  this  devios  revealed  no 
defects  to  a depth  of  — 5 m*  below  the  front  surfaoe  of  the  device.  This  is 
significant,  since  5 4m  is  the  maximus  depth  of  the  depletion  region  in  the 
ohannels  of  this  device. 


At  about  5 4m,  dislocations  and  stacking  faults  were  seen. 
Typioal  examples  of  these  are  shown  in  Figure  5.  The  density  of  dislocation 
loops  was  ~ 100  per  pixel  (~  10?  cm  2),  while  the  density  of  staoking  faults 
was  ~1  per  30  pixels  (~  5 x 10^  cm  2)  in  an  ~ 1 pm  thick  sample  taken  from 
the  high  defect  density  regions  of  the  material.  No  diffraction  patterns 
could  be  obtained  from  any  of  the  observed  preoipitate  particles.  The  size 
and  density  of  defects  were  found  to  be  the  same  in  regions  under  both  the 
ohannels  and  the  channel  stops.  The  staoking  faults,  when  imaged  under 
conditions  suoh  that  the  stacking  fault  fringe  should  be  out  of  contrast  tor  a 


perfect  stacking  fault,  revealed  a residual  fringe  contrast  (Figure  6).  This 
is  indicative  of  an  adsorbed  impurity  on  the  stacking  fault  (see  Section  V). 

d.  Dlaousslon 

Dislocation  loops  in  similar  material  have  been  reported  by 
Tios  and  Tan2 '3  and  by  Schwuttke.1*  They  concluded  that  the  dislocation  loops 
originated  by  prismatic  punchng.  Certainly  Figure  5(c)  is  consistent  with 
this  assignment. 


The  stacking  fault  in  Figure  5(a)  is  remarkable  in  that  it  has 
a precipitate  particle  at  its  center.  Similar  types  of  stacking  faults  have 
recently  been  reported  and  discussed  by  Maher,  et.  al.,5  and  by  Patel,  et  al . ^ 

It  has  also  recently  been  reported?  that  bulk  swirl 
preolpitation  similar  to  that  seen  in  this  study  can  be  initiated  by  a double 
heat  treatment,  with  the  first  heat  treatment  greater  than  820° C.  To 


understand  the  ooourrenoe  of  this  preoipitstion  In  our  devioes,  sons 
additional  axpsriaants  were  performed.  First,  a series  of  siloes  was 
prooessed,  with  two  being  pulled  after  eaoh  high  teaperature  step. 
Subsequently,  all  aliees  were  studied  using  transalsslon  x-ray  topography.  It 
was  found  that  the  preoipitstion  was  not  visible  after  boron  ohannel  stop 
deposition,  but  prior  to  the  boron  drive/thiok  oxide  growth  step;  however,  it 
was  visible  in  the  topographs  after  the  boron  drive/thiok  oxide  growth. 
Additional  experiments  were  performed  at  1000°  C.  By  study  of  transalsslon 
x-ray  topographs,  it  was  observed  that  the  preoipitstion  was  visible  after  a 
one-hour/withdrawal/two- hour  oyole,  but  not  when  the  aateria1  was  left  in  the 
furnaoe  the  entire  three  hours.  It  is  not  clear  exactly  what  is  happening 
during  the  oooldown,  but  it  seems  reasonable  to  assume  that  prismatic  punching 
oocurs,  followed  by  accelerated  precipitation  on  the  dislocations  during  the 
subsequent  heat  treatment.  This  would  explain  the  preoipitates  on 
dislocations  in  Figure  5(a). 

The  faot  that  the  else  and  density  of  defeots  are  independent 
of  whether  or  not  the  defeots  are  under  the  ohannel /channel  stop  indicates 
that  the  diffusion  constant  of  the  speoles  that  transports  exoess 
interstitials  from  the  oxide  silicon  interface  is  either  very  long  (to  affeot 
all  defeots)  or  very  short  (to  affeot  none).  Speoifioally,  the  diffusion 
length  Bust  be  either  less  than  5 4a  or  considerably  greater  than  20  pa  during 
the  prooess  oyole  (nine  hours  at  1000°C). 

It  is  interesting  to  note  that  if  we  assuae  that  the 
defeot-free  region  Immediately  below  the  surface  is  established  during  the 
initial  oxidation,  then  the  diffusion  length  of  the  out-diffusing  speoles  is 

a 

dose  to  that  of  oxygen,  as  reported  by  Tue,  et  al. 

The  observed  dark  ourrant  banding  is  evidently  of  atoaio 
dimensions  or  is  a surfaoe  defect,  since  no  defeots  have  been  observed  with 
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the  eleotron  aioroeoope  to  oorrelate  with  this  banding.  The  observed 
anti-oorrelatlon  between  high  dark  current  levels  and  subaurfaoe  defeots  is 
indicative,  however,  of  a short-range  (<  50  mb)  gettering  neohanisa. 

2.  Czoohralski  - Control  Group 

These  siloes  were  taken  froa  a group  of  control  aaterial  to 
determine  the  oonsistency  of  the  processing. 

a.  laager  Performance 

A typioal  dark  current  pattern  observed  in  devioes  aade  on  this 
material  is  shown  in  Figure  7.  The  random  distribution  of  dark  current  spikes 
illustrated  in  this  figure  is  typical  of  all  imagers  that  were  operated  on  the 
slioe. 


b.  X-Ray  Topography 

Very  few  defeots  were  imaged  in  both  reflection  and 
*ran amission  x-ray  topography.  Consequently,  there  is  no  correlation  between 
the  predominant  dark  ourrent  producing  defeot  and  defeots  visible  in  x-ray 
topography.  However,  transmission  topography  showed  that  the  bulk  of  the 
slioe  contained  a uniform  "swirl"  precipitate  (Figure  8). 

o.  Transmission  Eleotron  Microscopy 

Samples  for  transmission  electron  mlorosoopy  were  taken  froa 
regions  of  laagers  that  showed  the  highest  density  of  defeots.  Typioal 
defeots  seen  in  this  aaterial  are  illustrated  in  Figure  9.  Stacking  faults 
[Figures  9(a)  and  9(b)]  were  seen  only  in  the  ohannel  stops.  Approximately 
90S  of  these  stacking  faults  were  found  to  be  looated  underneath  the 
polysilioon  gate  (Figure  10).  The  length  of  the  staoking  faults  varied  froa 
approximately  0.5  mb  to  10  mb.  Most  were  under  1 u m in  length.  No 
preoipitates  were  observed  on  any  of  these  faults.  Dislocation  loops  were 
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Figure  9 TEM  Micrographs  of  Defects  in  Czochraiski  - Control  Group  Devices,  (a)  and  (b) 
stacking  faults  in  channel  stops;  (c)  and  (d),  dislocations  in  channels.  All 
markers  = 0.5  um. 
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Figure  10  Distribution  of  Defects  In  Caochralskl  - Control  Group.  Stocking 
faults  in  channel  stops,  and  dislocation  loops  in  channels,  both 
predominantly  under  the  polysllicon  electrode. 


found  in  both  tho  ohannels  and  ohannal  stops.  Thass  loops  wars  invariably 
or ion tad  In  a <110>  diraotion.  In  tha  ohannal • they  wars  found  to  bs  orlantad 
only  in  a diraotion  parpandloular  to  tha  ohanoala  and  ohannal  stops.  All  tha 
dislocations  in  tha  ohannal s wars  found  at  tha  adga  of  tha  polysilioon  gats 
(Figurs  10).  In  tha  ohannal  stops  thay  wars  oriantsd  sithsr  in  this  sans 
dirsotion  or  in  a diraotion  parpandloular  to  tha  ohannal s and  ohannal  stops. 
Contrast  experiaents  in  tha  alaotron  aiorosoopa  showad  that  all  thasa 
dislocations  wars  pura  adga  dislocations  [i.a.,  tha  Burgars  vector  was 
parpandloular  to  tha  dislocation  lina,  and  in  tho  (001)  plana  of  tha  surfaos 
of  tha  slloa] . Purtharaora,  thasa  axparlaants  showad  tha  dislocation 
surrounds  an  interstitial  plana  of  atoas  insartsd  froa  tha  oxlds/allloon 
lntsrfaoa.  Tha  density  of  the  dislocations  in  tha  ohannels  was  found  to  be 
approxlaately  the  saaa  as  tha  density  of  dark  currant  spikes  in  the  iasgar. 
Tha  density  of  stacking  faults  in  tha  ohannal  stops  was  considerably  larger. 
(To  data,  wa  have  observed  six  dislocations  in  tha  ohannels,  and  approxlaately 
30  staoking  faults  and  dislocations  in  tha  channel  stops.) 

Weak  baaa  axparlaants  ware  conducted  on  soaa  of  tha  disloca- 
tions in  tha  TIM.  Typical  results  are  shown  in  Figure  11.  Thasa  defects  ware 
found  in  tha  ohannal  stops.  The  ends  of  tha  dislocations  were  frequently 
found  to  be  dissociated  on  a (111)  plana  containing  both  the  Burgars  vector 
and  dislocation  lina.  Tha  traoes  of  thasa  planes  on  tha  surface  of  tha  saaple 
are  perpendicular  to  tha  projection  of  tha  dislocation  line. 

A weak  bean  micrograph  of  a typical  dislocation  in  tha  ohannal 
is  shown  in  Figure  12.  Only  the  and  of  tha  dislocation  was  generally  found  to 
be  dissociated. 

No  precipitates  were  observed  in  any  sasplea.  1-ray  analysis 
in  tha  3TB1  soda  showad  no  detectable  iapuritles  on  any  of  tha  defaots. 
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d.  Discussion 


This  discussion  will  be  ooo fined  to  the  origin  of  the  stacking 
faults  and  dislocations.  Although  it  certainly  appears  that  the  snail 
dislocations  are  the  source  of  dark  ourrent  spikes  In  these  devloes, 
discussion  of  the  reason  this  is  so  will  be  postponed  until  Section  ¥1. 

Dislocations  such  as  those  seen  in  Figure  9 oannot  originate  by 
a simple  glide  aechanlsn;  that  is,  they  oannot  originate  at  sons  point  in  the 
orystal  and  aove  by  slip  to  their  present  position  because  the  plane 
containing  both  the  dislocation  line  and  the  Buggers  vector  of  the  dislocation 
is  a (100)  plane  and  not  a slip  plane,  which  must  be  of  the  type  (111).  There 
are  three  neohanisns  by  whloh  these  pure  edge  dislocations  nay  fora:  (1) 
through  the  unfaulting  of  a stacking  fault,  (2)  through  tbs  formation  of  the 
dislocation  at  the  surface  and  the  subsequent  oliab  of  the  dislocation  by  the 
ealS8ion  or  absorption  of  sllioon  interstitials  or  vacancies,  and  (3)  through 
a dislocation  reaction  such  as  i(10l)  - 1(110)  ♦ 1(011).  Of  these  aeohanlsas, 
the  first  seeaa  the  aost  probable.  In  Section  ?,  where  the  unfaulting  of 
stacking  faults  is  studied,  it  is  concluded  that  inaedlately  after  the 
unfaultlng  process,  if  the  Shockley  partial  is  nucleated  at  the  surface 
intersection  of  the  Frank  partial,  the  defect  that  should  be  observed  is  a 
dislocation  in  a predominantly  (110)  direction  with  Burgers  veotor  1 O.IO) 
surrounding  an  interstitial  plane  of  atoms.  Both  of  these  criteria  are  net  by 
all  of  the  dislocation  loops  we  have  studied.  We  conclude  that  the  defeots 
seen  in  this  aaterial  originate  from  the  same  source,  naaely,  the  growth  of  a 
stacking  fault. 


The  origin  of  the  stacking  fault  is  less  dear.  Certainly,  the 
almost  oiroular  stacking  fault  with  no  preoipitate  in  the  center  shown  in 
Figure  9(b)  is  indicative  of  a subsurface  bulk  origin  (see  Section  ¥).  That 
aost  of  the  defeots  are  of  comparable  size  further  supports  that  they  are  also 
nuoleated  from  a subsurface  bulk  mechanism.  The  small  size,  however,  suggests 
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that  they  are  nucleated  late  In  the  process,  i.e. , after  thick  oxide  growth. 
Section  V presents  data  that  suggest  these  subsurface  stacking  faults  are 
nucleated  by  trace  amounts  of  copper. 

As  depicted  in  Figure  10  the  distribution  of  defects,  which  is 
devloe  dependent,  could  arise  from  a device-dependent  nucleation  meohanism,  or 
a random  nucleation  mechanism,  and  a device- dependent  annihilation  mechanism. 
With  the  data  at  hand,  it  is  Impossible  to  distinguish  which  of  these  two 
mechanisms  is  at  work,  and  plausible  arguments  for  either  may  be  made.  If 
copper  is,  in  fact,  the  nucleating  agent  of  the  stacking  faults,  then  it  is 
possible  that  the  distribution  of  copper  near  the  surface  is  device-dependent. 
Section  V presents  evidence  that  the  source  of  copper  for  one  mode  of 
precipitation  is  the  surface.  If  the  amount  of  copper  at  the  surface  were  a 
function  of  the  thickness  of  the  oxide  and  the  presence  of  the  overlying 
polysilioon,  then  the  distribution  of  defects  could  be  explained.  An 
additional  role  played  by  the  edbes  of  the  polysilicon  would  be  to 
stress-assist  the  unfaulting  of  the  stacking  fault,  eliminating  all  staoking 
faults  in  this  region. 

Alternatively,  the  stacking  faults  could  nucleate  and  grow  in 
all  portions  of  the  device,  but  the  processing  of  the  device  could  favor  the 
removal  of  the  stacking  faults  in  some  portions  of  the  'vioe  by  either  a 
shrinkage  or  an  unfaulting  mechanism,  with  subsequent  climb  of  the  resulting 
perfeot  dislocation  out  of  the  crystal.  The  role  of  the  thick  oxide, 
particularly  when  it  is  overlain  by  polysilioon,  would  thus  be  to  inhibit  the 
unfaulting  of  the  stacking  faults.  In  the  channel  where  the  oxide  is  always 
relatively  thin,  the  unfaulting  would  evidently  occur  with  comparative  ease, 
and  the  resulting  perfeot  dislocations  would  be  able  to  climb  out  of  the 
ailioon.9  The  driving  force  for  the  climb  process  would  be  the  image  foroe 
induoed  by  the  surface.  At  the  edges  of  the  polysilioon,  the  strain  field 


from  the  polysilicon  .Is  evidently  suffloient  to  inhibit  the  olimb  of  the 
dislocations,  and  it  is  here  that  we  see  the  dark  current  producing  defect. 

That  the  resulting  perfect  dislocations  in  the  channels  are  not 
dissociated  is  in  agreement  with  theory.  The  only  energetically  favored 
dissociation  of  a perfect  dislocation  is  into  two  Shockley  partials:  1/2<110) 
- 1/6(211)  + 1/6(121).  For  this  reaction  to  ocour,  the  dislocation  line  and 
the  Burgers  vector  of  the  dislocation  must  lie  on  a slip  plane.  This  is  the 
case  only  for  the  ends  of  some  of  the  dislocations,  as  has  been  discussed. 

3.  Float-Zoned  Material 

a.  Imager  Performance 

Dark  current  patterns  from  imagers  on  float-zoned  material  fell 
into  two  distlnot  categories.  Devioes  in  the  central  region  of  one  slice  and 
about  the  periphery  of  all  slices  showed  dense  patches  of  dark  current  lines 
running  in  <110>  directions  on  the  slice  [Figure  13(a)].  Devices  outside  of 
these  regions  showed  a moderately  low  density  of  randomly  distributed  isolated 
dark  current  spikes  [Figure  13(b)]. 

b.  X-Bay  Topography 

The  wafer  containing  the  center  patch  of  dark  current  was 
seleoted  for  study  by  x-ray  topography  and  transmission  electron  microscopy. 
Transmission  topographs  of  this  wafer  showed  that  the  center  patch  of  dark 
current  was  caused  by  dislocations  introduced  from  the  backside  of  the  wafer 
(Figure  14).  Comparison  of  this  topograph  with  others  taken  on  other  slices 
processed  in  the  same  batch  showed  that  the  origin  of  the  backside  damage  was 
in  the  prooess,  evidently  during  a photoresist  spinning  operation.  In 
contrast  to  the  float-zoned  slice,  the  dislocations  induced  in  the  Czoohralskl 
slices  were  oonfined  to  the  backside  and  did  not  propagate  to  the  front 
surface.  It  should  be  noted  that  the  process  used  har,  been  optimized  for 
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Csoohralski  wafers . Inlerg— enta  Bade  froa  the  transmission  topographs  show 
the  propagation  of  the  dlslooations  fron  the  backside  to  the  frontside  (Figure 
15). 


The  danage  introduced  in  the  backside  was  sufficiently  great 
that  the  warpage  of  the  alioe  precluded  aaking  a reflection  topograph  of  the 
entire  frontside  of  the  slice.  In  regions  where  the  baokslde  danage  was 
severe,  a large  density  of  dislocations  was  found  in  the  reflection  topographs 
(Figure  16).  In  the  laager  array  it  was  found  that  these  regions  correlated 
well  with  the  regions  of  dense  dark  current.  There  was  not  a one-to-one 
correlation  between  dislocations  seen  in  the  topographs  and  dark  ourrent 
spikes  outside  this  region,  however.  That  is,  aany  dislocations  did  not  act 
as  dark  ourrent  sources.  In  regions  outside  the  dislocation  patohes,  no 
defeots  were  laaged  on  either  transmission  or  reflection  topographs  that 
correlated  with  the  randon,  moderately  low  density  of  dark  current  spikes 
reported  above. 

o.  Transmission  Bleotron  Microscopy 

In  saaples  taken  fron  devices  near  the  center  of  the  slioe, 
long  lengths  of  dislocation  line,  very  dose  to  the  surfaoe,  were  found  to  be 
oriented  either  parallel  or  perpendicular  to  the  channels  and  channel  stops. 
Contrast  experiments  show  that  all  these  dislocations  are  of  the  60  type, 
l.e.,  their  Burgers  veotors  are  in  (110)  directions  that  do  not  lie  in  the 
plane  of  the  surfaoe  (Figure  17). 

Occasionally,  we  find  that  a dislocation  reaction  has  ocourred. 
Figure  18  illustrates  an  exaaple  where  two  dlslooations  having  the  saae 
Burgers  veotor,  but  lying  on  two  different  (111)  planes  (the  traces  of  whioh 
are  perpendicular  in  this  figure),  intersect. 
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220)  Transmi ss ion  Topograph  Showing  Dislocations  Emanating  from 
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Enlargement  of  (224)  Reflection  Topograph  of  Dislocated  Region  in  Float-Zoned  Region 
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Figure  17  Transmission  Electron  Micrograph  of  60°  Dislocations  Near  Front 
Surface  of  Float-Zoned  Wafer 
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Figure  J8  Dark  Field  Transmission  Electron  M i ..  i ,.u  ■:  „i  Float-Zoned  Wafer 

Showing  Dislocation  Reaction.  T '■« ■ peioend  i.iiui  bO  dislocations 
mov  i ng  on  two  ditto  fen  t slip  pi  anes  , lu  i ■.•!!.  > Ik-  same  Bu  rgers 
vectors,  have  reacted  to  form  nea>  I-  r i ■ ,t  r - configuration. 


Three  of  these  dislocations  have  baan  examined  using  tha  weak 
baa*  Method.  All  these  dislocations  were  found  to  be  extensively  dissociated; 
a typical  example  is  shown  in  Figure  19 • The  separation  at  A in  this  image  is 

65  A.  Slnoe  the  partial  dislocations  lie  on  an  inolined  (111)  plane , their 

0 

true  separation  la  approxiaately  100  A.  At  B in  this  eaae  figure  the 

o 

dislocations  also  appear  to  be  dissociated  by  approxiaately  50  A.  At  C there 
is  a oonatrlotion  where  the  dislocation  is  not  dissociated. 

In  addition  to  the  dislocations,  a saall  nuaber  of  saall 
stacking  faults  was  observed  in  the  channel  stop  (Figure  20).  All  the 
stacking  faults  were  of  the  saae  length. 

Saaples  were  also  taken  froa  devioes  exhibiting  the  Moderate 
density  of  low  level  dark  current  defeots.  A typical  exaaple  of  the  defeots 
found  in  these  regions  is  illustrated  in  Figure  21.  Here  we  see  a dislocation 
in  the  ohannel  and  a stacking  fault  in  a neighboring  channel  stop.  Contrast 
experlaents  showed  that  all  dislocations  were  of  pure  edge  character.  The 
density  of  dislocations  in  the  ohannels  correlated  well  with  the  density  of 
dark  current  spikes  in  the  portion  of  the  laager  froa  which  the  sample  was 
taken. 


STEM  x-ray  analysis  of  both  dislocations  and  stacking  faults 
showed  no  deteotable  lapurity. 

d.  Discussion 

The  long  length  of  dislocation  line  in  the  depletion  region  of 
the  laager  clearly  originates  by  a glide  process,  with  the  dislocation 
originating  on  the  back  surface.  The  fact  that  the  dislocation  does  not  exit 
through  the  surface,  but  reaains  at  a shallow  depth,  is  evidently  a result  of 
the  existence  of  the  theraal  oxide.  The  energy  of  the  systea  would  be  lowered 
if  these  dislocations  aoved  out  through  the  front  surfaoe.  For  a clean 
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Figure  20  Transmission  Electron  Micrograph  of  Stacking  Fault  in  Channel  Stop 
of  Float-Zoned  Wafer 


surface,  iaage  forces  would  also  tend  to  pull  the  dislocation  out  of  the 
silicon  crystal.  There  aust  therefore  be  an  inhibiting  foroe  oaused  by  the 
presence  of  the  theraal  oxide. 

The  dissociation  in  Figure  19  proceeds  according  to  the 
reaction.  1/2<101>  - 1/6(211)  + 1/6(112).  The  two  partial  dislocations  are 
separated  by  a stacking  fault  on  the  (111)  plane.  The  Burgers  vectors  and 
dislocation  line  orientation  of  both  the  perfect  and  partial  dislocations  are 
also  found  in  this  saae  plane.  A similar  situation  exists  for  any  dislocation 
that  is  in  a configuration  to  move  by  a glide  process. 

The  equilibrium  spacing  of  the  partial  dislocations  in  "pure" 
silicon,  and  with  no  applied  stresses  has  been  measured.  For  the  60° 
dislocation  it  is  between  50  and  60  A. 10,11  For  this  configuration  the 
staoklng  fault  is  found  to  be  intrinsic  (i.e. , the  stacking  sequence  across 
the  fault  corresponds  to  the  sequence  that  would  occur  if  a plane  of  atoms 
were  removed).  At  B in  Figure  19  this  is  seen  to  be  the  case.  The  separation 
at  A is  anomalously  high.  There  are  three  possible  explanations  for  this: 
(1)  The  stacking  fault  is  extrinsic  in  this  region  (i.e.,  the  stacking 
sequence  across  the  fault  corresponds  to  that  if  an  atomic  plane  were 
inserted).  Partial  dislocations  separated  by  extrinsic  faults  have  been 
reported  to  occur  when  the  dislocation  is  close  to  the  screw  (or  0 
orientation.11  The  extrinsic  stacking  fault  energy  is  deduoed  to  be  lower 
than  the  intrinsic  stacking  fault  energy  and,  henoe,  the  separation  of  the 
partials  is  greater.  (2)  Oxygen  oould  be  adsorbed  onto  the  stacking  fault  in 
this  region,  causing  the  staoking  fault  energy  to  be  lowered.  (3)  A foroe 
from  the  surface  of  the  device  oould  be  aoting  on  the  dislocation,  causing  one 
of  the  partials  to  be  moved  closer  to  the  surface.  We  are  unable  at  this  time 
to  distinguish  whioh  mechanism  is  at  work. 
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The  origin  of  the  staoking  faults  and  edge  dislocations  is 
evidently  the  sane  as  that  dlsouseed  for  the  Czochralski  oontrol  group.  The 
asjor  difference  appears  to  be  the  occurrence  of  the  edge  dislocations  at  the 
« edge  of,  and  parallel  to,  the  channel.  This  would  suggest  that  the  stress 

field  of  the  thick  oxide  also  favors  the  unfaulting  of  the  staoking  fault  in 
the  channel. 

4.  Csoohralakl  - Group  I 

a.  leaser  Perfomanoe 

Dark  current  defect  patterns  in  laagers  on  this  eater  is  1 fell 
into  two  classifications.  Hear  the  periphery  of  the  wafer  there  was  a high 
density  of  defects  in  a discernible  pattern  [figure  22(a)).  Devices  in  the 
oantcr  of  the  wafer  showed  a very  low  density  of  dark  current  defects.  These 
frequently  extended  over  acre  than  one  pixel  [Figure  22(b)).  These  siloes  had 
backside  neohanioal  daaage  by  sandblasting  with  glass  heads  over  half  the 
slice . There  was  a slight  reduction  in  the  defect  density  for  laagers  over 
the  backside  daaaged  portion  of  the  slioe. 

b.  I-lay  Topography 

There  was  no  correlation  between  the  reflection  topographs  and 
the  high  density  of  dark  current  defects  found  near  the  periphery  of  the 
wafer,  lear  the  end  of  the  wafer,  however,  there  was  a nearly  one-to-one 
correlation  between  dark  ourrent  spikes  and  dislocation  cluster  defeots 

f 

observed  in  reflection  topographs.  Two  typical  exaaples  of  these  are  shown  in 
Figure  23.  In  Figure  23(a)  it  will  be  seen  that  aost  of  the  dislocations  are 
eleotrioally  inactive.  Only  the  dislocation  indicated  by  the  arrows  la  a 
souroe  of  dark  ourrent.  Siailarly,  the  dislocations  catenating  from  the  round 
defeot  in  Figure  23(b)  were  not  dark  ourrent  sources.  The  round  defect  was  a 
very  intense  souroe  of  dark  current  and  led  to  blowing  down  the  channel  and 
into  several  adjaoent  oharmela. 
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D'l ' L r.u-rent  Patterns  - Czochralski  Group  I.  Defect  at  arrow  in 
if)  i •.>  'jiiuwn  in  topograph,  Figure  23(a). 
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Figure  23  (224)  Reflection  Topographs  of  Defects  In  Cznchralskl  Croup  I.  Only 

the  dislocation  indicated  by  arrow  In  (a)  is  a dark  current  source, 
while  In  (b),  only  the  spot  In  the  center  of  the  defect  I5  a dark 
current  source. 
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Transmission  topographs  also  showed  that  thara  was  a region  of 
bulk  "swirl"  precipitation  near  the  oenter  of  the  wafer.  Devices  lying  over 
this  swirl  preoipitation  were  those  in  whioh  the  density  of  defeots  was 
lowest. 


5.  Csoohralskl  - group  2 
a.  laager  Performance 

The  dark  current  spike  behavior  of  this  material  was  similar  to 
that  of  Csoohralskl  - Group  1.  laagers  at  the  periphery  of  the  alioe  had  a 
aoderately  high  density  of  weak  dark  current  spikes,  many  of  whioh  were  in  a 
discernible  pattern  (Figure  24),  while  those  near  the  oenter  of  the  alioe  had 
a relatively  low  density  of  dark  current  spikes.  Baokslde  aeohanloal  damage 
by  glasa  bead  sandblasting  had  no  discernible  effect  on  the  dark  current 
spikes. 


b.  X-Ray  Topography 

Only  a few  defeots  were  iaaged  in  reflection  topography.  These 
defeots  correlated  with  the  aore  intense  dark  current  spikes  near  the  oenter 
of  the  slice.  A typical  example  is  shown  in  Figure  25,  whioh  correlates  with 
the  indicated  dark  current  defeot  in  devioe  3 of  Figure  24.  From  the  pattern 
of  dark  ourrent  defeots  of  this  type  that  were  vlalbls  in  the  laagers  and  the 
topographs,  it  appears  that  their  origin  is  frontside  damage  oaused  by 
handling  of  the  alioe  before  prooessing.  (The  baokslde  damage  was  applied 
after  the  ooapletlon  of  the  frontside  polish.)  Ro  defeots  were  iaaged  in 
reflection  topography  that  correlated  with  the  aoderate  number  of  dark  ourrent 
iefeota  visible  in  some  of  the  laagers. 

Transmission  x-ray  topographs  showed  that  there  was  a region  of 
bulk  "swirl"  preoipitation  in  this  aaterial.  There  was  a general,  but  not 
apeoiflo,  correlation  between  the  oocurrenoe  of  this  preoipitation  and  laagers 
with  low  dark  ourrent  defeot  density.  Figure  26  is  an  enlargement  of  a 
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Device  3 


Figure  24  Dark  Current  Patterns  of  Three  Adjacent  Devices,  Czochrslski  Group 
2.  Defect  at  arrow  in  device  3 is  shown  in  topograph.  Figure  25. 


100  ptm 


Figure  25  224  Reflection  Topograph  of  Dark  Current  Defects  in  Czochralski 

Group  2.  Defect  is  marked  in  Figure  2Ut  device  3. 
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Device  1 Device  2 


Figure  26  (220)  Transmission  Topograph  of  Two  Devices  Whose  Dark  Current 

Signature  is  Shown  in  Figure  24.  Bulk  swirl  precipitation  region 
is  the  darkening  most  noticeable  in  device  I.  Arrow  in  device  2 
indicates  line  above  which  there  are  numerous  dark  current  defects. 
Black  spots  and  lines  on  topograph  are  defects  on  the  backside  of 
the  devices. 


transmission  topograph  of  devioes  1 and  2 of  Pigure  2*1.  It  will  ba  not  load 
that  tha  adga  of  tha  band  of  dark  currant  dafaota  visible  In  devioe  2 
para  Hals  tha  swirl  band  visible  in  tha  topograph.  Tha  band  of  dark  current 
dafaota  is  offset  fro*  tha  adga  of  tha  swirl  by  approximately  1 *a,  however. 

o.  Transaission  Eleotron  Mierosoopy 

A sample  for  transmission  electron  microscopy  was  taken  from  tha 
high  defect  region  of  devioe  2,  Pigura  24,  in  tha  upper  right-hand  ooraer  of 
this  devioe.  No  dafaota  were  observed  in  this  sample,  indicating  that  tha 
dark  ourrent  defects  were  produced  by  the  interface  defect  more  thoroughly 
investigated  for  Group  3 material. 

d.  Dlsousslon 

It  is  important  to  establish  the  exact  relationship  between  the  dark 
ourrent  spikes  and  the  bulk  "swirl"  precipitates  in  this  wafer.  Two 
possibilities  exist:  . (1)  that  the  swirl  precipitate  serves  as  a "getter”  for 
these  defects,  or  (2)  that  the  growth  conditions  in  the  boule  favor  defect 
formation  outside  the  region  of  the  swirl,  while  slightly  different  growth 
conditions  lead  to  a suppression  of  defect  nuclei  in  the  region  of  the  swirl. 
If  the  former  were  the  oase  in  this  wafer,  then  comparison  of  the  transmission 
topograph  and  devioe  2 of  Pigure  24  shows  that  the  "get taring"  range  of  the 
swirl  is  of  the  order  of  1 mm.  Now  in  device  1 of  this  same  figure  there  are 
also  several  defects  with  the  same  dark  ourrent  characteristics.  Reference  to 
the  transmission  topograph,  Pigure  26,  shows  that  these  defects  lie  over  a 
region  of  swirl  preoipitate  that  is  somewhat  less  intense  than  tha  most 
Intense  regions,  but  still  considerably  more  intense  than  the  swirl 
precipitation  within  1 am  of  the  band  of  defects  in  device  2.  In  addition, 
these  dofeots  lie  within  1 mm  of  the  most  intense  swirl  regions.  If  these 
defects  in  devioe  1 are  in  fact  the  suae  as  the  defects  in  devioe  2,  as  seems 
most  probable,  and  If  a gettering  mechanism  were  at  work,  then  the  defects  in 
devioe  1 should  be  absent.  The  distribution  of  the  dark  current  defects  in 
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this  silo#  thus  ap pears  to  be  s result  of  varying  growth  conditions  In  the 
bouls  when  ths  crystal  Is  grown. 

6.  Csoohralskl  - Group  3 

This  group  had  a <100)  fist. 

a.  laager  Psrforganos 

laagers  on  this  astsrial  behaved  similarly  to  laagers  on  Groups 
1 and  2 in  that  those  at  the  periphery  of  the  wafer  had  a high  density  of  dark 
current  defects,  while  those  near  the  oenter  had  a auoh  lower  defect  density. 
There  were  several  significant  differences,  however.  The  density  of  defeots 
In  soae  laagers  was  extreaely  high:  of  the  order  of  10$  of  the  pixels  had 
dark  current  spikes.  In  addition,  the  density  of  defeots  near  the  center  of 
the  slxoe  was  higher  than  for  devioes  from  the  oenter  of  Groups  1 and  2.  In 
soae  oases,  there  was  a definite  "swirl"  pattern  to  the  dark  our  rent  spikes 
(Figure  27).  Baokslde  aeohanioal  daasge  by  glass  bead  sandblasting  appeared 
effective  in  removing  a large  nuaber  of  dark  current  spikes.  For  exaapxe, 
while  the  worst-ease  laagers  on  the  undamaged  side  of  the  slice  had 
approximately  lOf  of  their  pixels  with  a dark  current  spl’  e,  on  the  daasge 
side  the  worst  ease  was  If. 

b.  I-Bay  Topography 

Ro  defeots  were  iaaged  in  reflection  topography  on  this 
aaterial.  Transmission  topographs  showed  that  this  material  also  contained  a 
central  region  of  bulk  "swirl”  precipitate. 

e.  Transal  salon  Electron  Mloroaoopy 

Samples  for  transmission  electron  aicroseopy  were  taken  from 
the  oentrsl  high  defeot  regions  of  the  laagers  illustrated  in  Figure  27.  No 
defeots  were  iaaged.  These  same  samples  were  sueeessivaly  etohed-baok  from 
the  front  surfaoe  in  2 pa  increments  and  again  exaained  in  the  electron 


53 


ii  mi  ii" 


Figure  27  Dark  Current  Pattern  in  Czochralski  Group  3 


mloroeoope.  This  procedure  itoiii  t here  nut  no  do  foots  in  tbo  outer  5|ii  of 
tbo  devious. 

Samples  Ukoa  from  high  dofoot  regions  of  otter  devioea  ted  tbo 
dialooatloa  oluotoro  and  stacking  faulta  ahovn  in  Figure  26.  Contraat 
experiments  in  tbo  olootron  mloroeoope  abound  that  tbo  late  dialooatloa  lino 
la  tboao  oluotoro,  white  was  orloatod  in  a <110 > dl motion,  woo  of  pure  edge 
typo.  All  tboao  dialooatloa  oluotoro  worn  loom tod  in  tbo  oteanol  atop. 

An  additional  typo  of  dofoot  was  aoon  in  tbo  obanaola  (Figure 
29).  Tboao  dofoota  worn  looatod  undornoath  tbo  alualnun  olootrodo  and 
prlaarlly  noar  tbo  edge  of  a neighboring  polyalliooa  olootrodo. 

d.  Diaouaaioa 

Tho  foot  that  tbo  dofocto  that  oauao  dark  current  a pikas  worn 
not  imaged  in  tho  olootron  alorosoopo  augeata  that  thoy  roaldo  at  tho 
oxlde/sllioon  intorfaoo.  To  our  knowlodgo,  only  ono  such  dofoot  has  boon 
reported  to  data:  a dislocation  that  results  froa  tho  unfaulting  of  a 
stacking  fault  and  that  ellabs  out  of  tho  ailioon  to  tbo  Intorfaoo.12  It 
would  bo  expected  in  our  samples  that  if  suoh  worn  tho  oaso,  some  faulted  or 
toi foul tod  stacking  faulta  would  bo  loft  behind.  In  foot,  wo  see  no  dofoota  in 
this  high  dark  current  spike  region,  olther  in  tho  ohaaoels  or  in  the  ohannel 
stops.  Slnoe  this  dofoot  does  respond  to  baokside  getter ing,  it  would  appear 
that  a moot  likely  candidate  for  it  would  bo  an  interfacial  impurity. 

The  dislocation  clusters  that  appear  (Figure  26)  am  evidently 
allghtly  more  oomplox  versions  of  tho  asms  unfaulted  stacking  fault  we  have 
aeon  in  other  slices.  Tho  other  dofoota  (Figure  29)  am  apparently  ette 
artifacts.  Vo  have  boon  unable  to  oorrelate  them  with  oleotrioal  aotivity. 
They  are  generally  visible  only  in  relatively  thin  regions  of  tho  sample,  and 
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Figure  28  Dislocation  Clusters  in  Channel  Stop  Region.  The  longer  dislocation  lines  are  pure  edge 
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Figure  29  Defects  in  Channel  Region.  The  defect  lines  are  oriented  in  (100) 
drrections. 
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only  when  tho  saapl*  is  til  tod  eloao  to  tbo  Bragg  angle  for  the  reflection 
under  etudy. 

D.  leaulta  of  Defect  atudlee  in  Other  Devloas 
1.  Dislocations 

A aer lea  of  dlalooatlona  was  found  in  one  device.  Two  of  the 
dlslooetiona  were  dark  our rent  aourooa  (the  only  dark  current  sources ) , while 
the  r— atndar  were  not.  lefleotlon  topographs  of  the  two  dark  ourrent  aouroes 
are  shown  In  Pigurea  30  and  31*  while  two  typical  non-dark-ourrent  sources  are 
illustrated  la  Figures  32  and  33*  It  will  be  seen  that  the  dislocations  that 
are  dark  eurreot  aouroes  lie  in  the  channel  atop  (Figure  31 )»  while  the 
dlalooatlona  that  are  not  dark  ourrent  aouroes  lie  in  the  channels.  The 
contrast  behavior  of  all  dislocations  in  reflection  topography  shows  then  to 
be  60*  dislocations.  Transaission  topography  shows  that  all  of  the  defects 
have  been  nucleated  by  surface  aouroes.  They  are  found  only  in  the  array 
region,  aud  hence  are  associated  with  the  stress  field  of  tbs  device 
superstruot  ire . 

It  is  soacvbat  surprising  that  a dislocation  located  in  a channel 
stop  can  set  as  a dark  ourrent  source.  That  this  dislocation  is  shallow  can 
be  deduced  free  Figure  3*.  Bere  it  will  be  seen  that  part  of  the  dislocation 
underneath  a polysllloon  layer  has  erldsntly  been  pulled  out  of  the  surface. 
Additional  evidence  for  this  interpretation  is  shown  in  Figure  3 5,  where  a 
large  mount  of  segaentation  oan  be  seen,  resulting  froa  the  strain  field  of 
the  overlying  polysllloon. 

The  fact  that  a shallow  dislocation  in  the  channel  stop  gives  rise 
to  a dark  ourrent  spike  is  indicative  of  a shallow  depletion  region  under  the 
channel  stop  oxide.  If  a defect  capable  of  producing  dark  ourrent  is  located 
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Figure  30 


Reflection  Topographs  of  Channel 
That  are  Dark  Current  Sources 


Dislocations 
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figure  Electrically  Inactive  Dislocation  in  CCD  Imager 
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Figure  3^  Enlargement  of  Figure  30(a).  Scratch  (arrow)  is  on  regions  of  a 
channel  that  were  overlaid  with  polysilicon.  Part  of  the  disloca 
tion  has  been  pulled  out  of  the  channel  stop  by  the  overlying 
polysi 1 icon. 


in  this  region,  then  it  will  produce  dark  current,  with  the  current  leaking 
over  into  the  adjacent  channel  well. 

The  dislocation*  in  Figures  32  and  33  are  clearly  in  the  depletion 
region  of  the  devioe.  Therefore,  they  Must  be  eleotrioally  inactive.  The 
origin  of  these  dislooations  is  exaained  further  in  Section  IV  of  this 
report. 

An  additional  type  of  dislocation  oapable  of  producing  dark  our rent 
is  shown  in  Figure  36.  In  this  topograph  only  the  tips  of  the  dislocations 
are  imaged,  with  the  bulk  of  the  loop  penetrating  to  soae  depth  (>  20  ua)  into 
the  silicon.  Similar  loops  were  found  outside  the  array  region  of  the  devioe, 
in  an  area  where  the  thick  field  oxide  was  grown.  Their  origin  is  obviously 
the  thick  oxide  growth,  but  the  formation  Mechanism  is  not  dear.  Contrast 
experiments  showed  they  have  a Burgers  vector  that  is  not  in  the  plane  of  the 
surface , and  their  origin  is  probably  through  a slip  process.  The  stress  field 
of  the  thiok  oxide  edge,  however,  is  evidently  not  iaportant  in  their 
formation. 


Additional  types  of  dislooations  soen  in  soaie  laagers,  none  of  which 
have  been  observed  to  act  as  dark  our rent  sources,  are  shown  in  Figures  37  and 
38.  In  Figure  37  the  stess  field  of  the  polysilioon  evidently  assisted  the 
nuoleatlon  and  propagation  of  this  dislocation,  while  in  Figure  38, 
dislocation  loops  created  during  the  swirl  precipitation  of  oxygen  served  as 
the  nuoleatlon  agents  of  these  dislocations.  Propagation  is  by  the  stress 
field  of  the  thiok  oxide. 


2.  Stacking  Faults 

Figure  39  is  a reflection  topograph  of  a portion  of  a devioe  on 
which  a scratch  was  plsoed  before  processing.  The  sources  of  dark  ourrent  are 


indicated  by  the  arrows  in  this  figure.  Tt  will  be  seen  that  the  dark 
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Figure  36  422  Reflection  Topograph  of  Dislocation  Loop  in  Channel  Stops  of 
an  Imager.  Solid  arrows  indicate  electrically  active  loops,  open 
arrow  indicates  a loop  that  is  not  a dark  current  source. 
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Figure  37  ^22  Reflection  Topograph  of  Dislocation  Segment  Perpendicular  to 
Channels  and  Channel  Stops.  The  dislocation  extends  from  one 
channel  stop  across  a channel  to  the  adjacent  stop  and  is  under- 
neath the  polysilicon  electrode.  It  is  not  a dark  current  source. 


67 


currant  originates  where  the  scratches  otom  the  channels  (the  channels  appear 
dark  in  this  figure).  Sinoe  the  defeots  produoed  by  a scratoh  during 
oxidation  are  ataoklng  faults  and  dislocations  If  un faulting  oooura,  this 
figure  dearly  shows  that  ataoklng  faults  on  the  ohannel  stop  are  not  dark 
ourrant  souroes,  while  ataoklng  faults  on  the  ohannel  are  dark  ourrent 
souroes. 


B.  Bffsot  of  Baokalde  D— age  on  Defaota  In  CCD  laagers 

This  subsection  presents  results  of  the  experiments  conducted  by  placing 
baokalde  neohanloal  daaage  on  half  of  a slice  using  sandblasting  by  100 un 
glass  beads.  The  denar  cation  line  between  the  damaged  and  undamaged  halves  of 
the  slice  was  averaged  so  that  there  would  be  a line  of  CCD  imagers  down  the 
dice  which  had  part  of  their  backsides  damaged  and  part  undamaged.  The 
effloaoy  of  the  damage,  therefore,  was  studied  on  the  sane  slice  and,  as  well, 
on  the  same  Imager. 

The  characterisation  consists  of  measuring  the  dark  ourrent  for  a 32  ms 
integration  time  and  counting  or  estimating  the  ntsiber  of  dark  current  spikes 
per  imager  from  the  video  display  of  the  dark  current.  Devloes  are  sorted 
into  the  arbitrary  bins  0-20,  21-40,  41-100,  101-800,  and  > 800,  according  to 
the  number  of  defects.  The  absolute  numbers  of  devices  in  each  bin  are  then 
converted  to  percentages  to  facilitate  comparison  between  materials  and 
between  devloes  with  and  without  backside  damage* 

e Results 

Devices  from  Group  2 had  a high  number  of  dark  current  spikes, 
relatively  unaffected  by  the  backside  daaage.  However,  some  lowering  of  the 
total  dark  ourrent  as  a result  of  backside  daaage  was  noted.  The  dark  ourrent 
readout  of  a devioe  from  this  material  category  is  shown  in  Figure  40.  The 
upper  third  of  the  device  has  backside  daaage,  the  lower  two- thirds  none. 
Clearly,  the  density  of  dark  current  spikes  is  not  altered  dramatically  by  the 
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baokalde  damsga,  although  their  intensity  may  be.  Devioes  from  imnl  allots 
from  Group  2 wort  characterised.  As  shown  la  Tabla  b,  no  memalagful  dark 
currant  apiSta  raduotion  was  observed  with  baokaida  dames*  3om  lowering  of 
tbs  background  currant,  however,  ia  Indies tad. 

31ioaa  from  Group  1 wars  examined  In  tbs  am  way.  The  aumary  of 
device  performance  of  aeveral  si  loss  of  this  aatarial,  as  given  in  Tabla  A, 
shows  that  a significant  fraotlon  of  davioaa  with  baokaida  damage  have  lass 
than  100  dark  currant  spikes,  while  all  davioaa  without  backside  damage  have 
at  least  100  defects  per  device,  is  before,  some  lowering  of  the  background 
current  ia  observed. 

The  laagers  fabricated  on  Group  3 material  have  more  than  100  dark 
correct  spikes  per  device.  The  same  material  with  backside  damage  yields 
imagers  with  fewer  dark  current  spikes.  Most  of  the  improve  lent  is  in 
bringing  the  defect  count  from  the  > 800  column  to  the  100  to  800  coluan. 
Examples  of  imagers  on  this  material  are  given  in  Figure  Al.  Dark  current 
photos  aro  shown  for  two  adjacent  devices  and  for  two  different  integration 
times  (the  time  between  CCD  readouts).  Only  the  bottom  two-thirds  of  the 
lower  device  has  backside  damage.  In  addition,  a significant  decrease  in  the 
dark  current  occurs  with  the  backside  damage  (Table  4). 

While  these  results  indicate  that  backside  damage  has  a slightly 
beneficial  effect,  one  control  wafer  in  the  lot  showed  degradation  as  a result 
l of  backside  damage.  This  Is  illustrated  in  Figure  42.  Here  the  dark  current 

I banding  visible  in  devices  without  backside  damage  is  replaced  by  dark  current 

* 

» spikes  on  devices  with  backside  damage.  X-ray  transmission  topography, 

I however,  showed  that  this  wafer  received  backside  damage  during  processing 

| similar  to  that  which  the  float-zone  slice  received.  As  a result,  dislocations 

\ were  generated.  The  combination  of  the  glass  bead  backside  damage  and  process 

| damage  was  sufficiently  severe  to  cause  dislocations  to  propagate  to  the  front 
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nA/cmz  is  black  because  of  readout  failure  in  the  device 


surfaoa  where  both  nor*  pro— t.  Thus,  the  dark  currant  iplkta  aro  caused  by 
dislocation*.  Tha  nettled  appearance  of  the  dark  ourrant  banding  in  tha  two 
cantor  Uapra  of  Plgura  U N0Mta  that  dlalooatioaa  pat  tar  tha  dark  ourraat 
banding  at  oloaa  range.  Thia  la  in  agreement  with  previous  obaar vat Iona. 

P.  laaulta  of  188  Baokalda  Dawaaa  Taata 

Ton  alloaa  of  notarial  froo  Csoohralakl  - Group  1 wara  traatad  with 
Iapaot  Sound  Straaalng  (ISS)1  and  returned  to  11s  for  processing  and 
a valuation.  Piva  of  thaaa  alloaa  wara  aatohad  with  flva  un traatad  alloaa  takan 
froa  neighboring  poaltlona  In  tha  boula  and  aant  through  tha  atandard  laagar 
prooaaa. 

X-ray  trananlaalon  topographs  wara  takan  of  tha  finished  alloaa  (Figure 
43).  Thia  superposition  of  davloo  gaoaatry  with  tha  danaga  pattarn  ravaala 
that  thara  ara  six  davloaa  at  tha  alioa  oantar  where  tha  danaga  pattarn  la 
unlforn  across  tha  whole  device.  At  first  sight,  It  would  aaaa  that  ona  way 
to  judge  tha  effectiveness  of  ISS  would  be  to  ooapare  the  quality  of  thaaa 
six  davloaa  with  that  of  devices  on  the  sane  slice  that  cone  froa  the  outer, 
undaaaged  part.  Such  a coaparison  is  invalid,  however,  because  the  slices 
that  ware  not  ISS-treated  do  not  display  a unlfora  density  of  dark  current 
spikes.  Rather,  the  efficacy  of  ISS  aust  be  judged  by  a coaparison  of  the 
center  six  devices  on  ISS-treated  aaterial  with  those  on  untreated  aaterial. 

Typical  results  for  the  untreated  control  slices  are  shown  in  Plgura  44. 
Here,  two  adjaoent  devices  from  two  slices  illustrate  the  range  of  dark 
currant  spikes  found  on  the  oenter  six  devices.  Typical  devloes  froa  the 
ISS-treated  slices  are  shown  in  Figure  45.  From  these  results,  we  oonclude 
that  the  ISS  treatment  does  not  lead  to  significant  improvement  in  the  density 
of  dark  current  spikes  on  this  material. 
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Figure  44  Dark  Current  Readout  of  Typical  Devices  on  Control  Slices  Not  Treated  with  I SS 


It  ahould  N notad,  hawwr,  that  fell*  proomlnj  of  thaaa  iIIom  inoludad 
gat taring  atapa  aa  • atandard  faotura.  L atooad  aat  of  fir*  aliooo  with  tha 
got  tor  log  atapa  allatinotad  anoountarad  prooaawlag  pro  bl  ana,  and  no  darioaa 
woro  oporatlooal.  Zt  dooa  not  aoaa  llkaly,  howavar,  that  thaaa  atapa  would 
oountaraot  tha  affaotivanaaa  of  tba  ISS  traataant.  In  addition,  133-traatad 
alioaa  of  notarial  fron  Caoehralakl  - Group  3 (whara  cha  affaot  of  glaaa  band 
back  si  da  danaga  ahowad  poalti  va  raaulta)  and  fron  tha  float-aonad  group  am 
baing  prooaaaad  without  thaaa  prooaaa  gat taring  atapa,  but  hava  not  boon 
oonplatad  at  thla  writing. 


K-»iHs*s= «t*H*j*w 


stern*  i? 

h-pwoobs  x-ray  Topoaum 


A.  Introduction 

To  datoralne  at  what  point  In  tba  proooaa  defects  originate,  In-prooaaa 
x-ray  topographlo  atudlaa  vara  aada.  A aariaa  of  allooa  ma  seleoted  from 
aaoh  of  tba  groups  of  notarial*  and  canal tt ad  to  proonaalng.  X-ray  topographs 
ware  takan  aftar  aaoh  high  tenperatura  processing  stop.  Baoauaa  of  tha 
oxtroaa  sensitivity  of  raflaotloa  topographs  to  tba  atrassas  produoad  by  tba 
do  vies  overstruoture,  it  was  daoidad  to  usa  transplant  on  x-ray  topography  as 
tba  eblaf  investigative  tool.  Bara,  we  would  aaka  uaa  of  ooa  of  tha  ohiaf 
advantages  of  x-ray  topography:  its  nondestructive  nature.  Unfortunately, 
baoausa  of  tha  snail  slse  of  aost  da  facts,  as  outlined  in  Section  III.B,  the 
only  defeats  that  uera  Imaged  ware  disloaationa  and  bulk  awirl  precipitation. 
Furthermore,  baoauaa  of  proonaalng  probloaa,  probably  caused  by  tha  extensive 
handling  and  additional  olaanupa  the  sliona  reoaivad,  vary  feu  or  tha  laagers 
ware  operational.  Ravarthelaoa,  tha  result*  of  tha  in-prooans  studios  olaarly 
show  the  origin  aid  davolopaant  of  tha  ehannal  and  ohannnl  stop  dislocations. 

B.  Beaulta 

Figure  46  is  a series  of  topographs  of  a region  of  an  laager  taken  after 
various  high  taaparatura  processing  steps.  In  Figure  46(a)  no  channel/ channel 
stop  dislocations  ars  spparsnt  after  the  ohannsl  stop  (boron)  deposition. 
After  boron  drlve/tulok  oxide  growth,  there  are  chennel/ohannal  stop 
dislocations  (Figure  46(b)]  . Furthermore,  during  phosphorus  deposition  and 
drive,  in  which  tha  array  portion  of  the  device  sees  only  an  anneal,  two  of 
tha  dislocations  grow  [arrows,  Figure  46 (e)]. 


Figure  47  is  a high  resolution  transmission  topograph  of  a portion  of 
this  sane  array  taken  under  different  diffraction  conditions  after  thick  oxide 
growth/beron  drive.  This  topograph  shows  that  the  dislocations  are  nucleated 


I 
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Figure  46  Transmission  Topographs  of  CCD  Array  After  Various  Processing 

Steps.  (a)  After  boron  deposition,  (b)  after  boron  drive/thick 
oxide  growth,  (c)  after  phosphorus  deposition/drive.  Arrows  in 
Figure  46(c)  indicate  dislocations  that  have  grown. 
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from  a scratch.  Furtharaor®,  the  scratch  is  imaged  as  a pair  of  lines  outside 
the  array  in  a region  that  has  been  subjeoted  to  thick  oxide  growth.  In  the 
array  the  soratoh  appears  as  a serrated  image  beoause  defects  develop  on  the 
scratch  only  during  oxidation  cycles,  which  for  the  array  are  primarily  on  the 
channel  stops  during  thick  oxide  growth. 

The  thlok  oxide  produces  a stress  in  the  sllioon  whloh  is  a maximal  at 
the  thick  oxide  edge,  i.e.,  at  the  channel  stop/ channel  interface.  The  stress 
arises  from  the  differences  in  the  coefficients  of  thermal  expansion  of  the 
oxide  and  silicon.  It  is  at  this  high  stress  region  that  dislocations  are 
generated,  as  aay  be  seen  in  Figure  48,  if  a nuoleatlon  site  of  sufficient 
intensity  is  provided.  In  Figure  48,  scratches  that  have  been  subjeoted  to 
thiok  oxide  growth  are  present  where  dislocations  are  generated. 

We  are  thus  led  to  following  soenario  for  the  formation  of  channel 
stop/ channel  dislocations.  A nuoleatlon  site  must  be  present  near  the  channel 
stop/ohannel  interface.  This  nuoleatlon  site  may  be  a dislocation,  a soratoh 
of  sufficient  intensity  whloh  has  been  subjected  to  thiok  oxide  growth,  or 
same  as-yet  unidentified  defect  in  the  starting  material.  After  thick  oxide 
growth,  and  probably  during  cooling  of  the  wafer,  the  dislocations  are  formed 
due  to  stress  concentration  formed  at  the  edge  of  the  thick  oxide.  This 
stress  is  insufficient  to  generate  a dislocation  in  the  perfect  silicon,  but 
is  sufficient  to  generate  a dislocation  if  a proper  nucleating  site  is 
present.  The  dislocations  are  then  propagated  by  the  stress  field  of  the 
thiok  oxide  edge.  Whether  they  fall  on  channels  or  ohannel  stops  will  depend 
on  the  Burgers  vector  of  the  dislocation  generated,  and  hence  its  interaction 
with  the  thick  oxide  stress  field.  During  subsequent  heat  treatments,  the 
dislocations  aay  propagate  further,  but  we  find  no  evidence  for  the  generation 
of  new  dislocations  from  existing  or  newly  activated  nucleation  sites. 
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The  aurfaoe  of  one  of  the  slices  was  intentionally  scratched  in  a 
spiral  pattern  with  silicon  carbide  grit  to  follow  the  evolution  of  stacking 
faults  during  processing,  A transmission  x-ray  topograph  of  this  wafer  before 
the  beginning  of  processing  is  shown  in  Plgure  49.  Immediately  after  the  ' 

initial  oxidation,  the  intensity  of  the  contrast  from  the  scratch  is 
significantly  reduoed  (Figure  50).  This  contrast  results  from  the  removal  of 
the  strain  centers  left  by  the  soratohing  medium,  and  the  complete  conversion 
of  the  scratch  to  stacking  faults.1^'11* 

Subsequent  processing  shows  that  the  soratoh  continues  to  undergo  1 

ohangea . Figure  51  is  a series  of  topographs  of  the  same  region  of  a test  bar  1 

after  certain  processing  steps.  After  boron  deposition,  but  before  boren  1 

drive/thick  oxide  (Figure  51(a)],  the  intensity  of  the  scratch  damage  is  | 

significantly  reduced  in  regions  that  have  bean  opened  for  boron  deposition.  1 

After  thick  oxide  growth  [Figure  51(b)]  the  contrast  from  scratches  in  this  « 

area  reappears,  while  the  oontraat  in  regions  that  have  been  masked  off  from  | 

oxidation  subsides.  At  this  point,  dislocations  at  the  edge  of  the  thick  | 

oxide  region  also  appear.  Finally,  after  phosphorus  diffusion  and  drive  jj 

[Figure  51(o)],  the  scratches  reappear  in  the  regions  that  had  net  undergone  ji 

thiok  oxidation.  Additional  dislocations  are  produced  at  oxide  boundaries  fi 

i i 

that  are  opened  prior  to  phosphorus  deposition.  \l 


As  expeoted,  defects  produced  from  scratches  were  found  to  be  dark 
ourrent  sources. ^ Figure  52(a)  is  a dark  current  map  of  an  operational 
device  on  this  slioe.  Figure  52(b)  is  a transmission  topograph  at  the 
completion  of  processing  of  this  same  device.  There  is  in  exact  correlation 

* 

between  the  scratches  and  the  dark  current  in  this  device. 

A sample  for  transmission  electron  microscopy  was  taken  from  the  lower 
left-hand  corner  of  the  device.  It  was  found  that  the  defects  present  in  this 
region  consisted  of  stacking  faults  and  dislocations  from  unfaulted  stacking 
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Ffgure  51  Transmission  Topographs  of  Test  Bar  After  Various  Process  Steps. 

(a)  After  boron  deposition,  (b)  after  boron  drive/thick  oxide 
growth,  (c)  after  phosphorus  deposition/drive. 
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(a) 


(b) 


Figure  52  Dark  Current  Produced  by  Intentional  Preprocess  Scratch,  (a)  Dark 
current  map,  (b)  transmission  x-ray  topograph. 
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faults.  Typical  stacking  faults  are  shown  In  Figures  53  and  54.  Stacking 
faults  In  the  channel  were  of  two  types:  those  near  the  oenter  were 
consistently  1 to  1.3  um  long,  while  those  near  the  edge  of  the  channel  were 
somewhat  longer  and  deeper,  up  to  7.5  urn  in  length.  Most  of  the  stacking 
faults  In  the  channel  were  underneath  polysilicon.  Stacking  faults  that 
crossed  the  boundary  were  intermediate  in  length.  Dislocations  from  unfaulted 
stacking  faults  were  seen  only  in  regions  where  high  density  of  stacking 
faults  was  present. 

An  interesting  feature  of  the  stacking  faults  that  crossed  the  boundary 
is  that  many  of  them  show  signs  of  shrinkage  (Figure  55).  In  Figure  55,  the 
curvature  of  the  bounding  Frank  partial  is  different  from  that  which  we  have 
seen  on  any  other  stacking  fault,  in  that  it  is  curved  into  the  stacking  fault 
near  the  surface  rather  than  away  from  the  stacking  fault.  Such  a curvature 
could  occur  if  the  stacking  fault  were  shrinking  by  a bulk  diffusion 
mechanism.  Here,  the  stacking  fault  dissolves  by  the  emission  of  silicon 
interstitials  from  the  Frank  partial  into  the  bulk.  This  causes  the  Frank 
partial  to  olimb  toward  the  surface.  These  interstitials  diffuse  away  through 
the  bulk.  The  ourvature  at  the  surface  would  occur  because  the  surface  is 
incapable  of  sinking  interstitials  and  therefore  acta  as  a mirror  to  the 
interstitials,  reflecting  them  back  into  the  solid.  Under  this  latter 
situation,  the  solid  angle  into  which  the  shallow  Frank  partial  coulu  emit 
interstitials  is  half  the  solid  angle  into  which  the  Frank  partial  lying 
deeper  In  the  bulk  could  emit  interstitials:  hence,  the  deeper-lying  Frank 
partial  will  climb  at  twice  the  rate  of  the  shallower  Frank  partial.  The 
operation  of  the  climb-annihilation  mechanism  helps  explain  the  shallow 
dislocations  resulting  from  the  unfaulting  reaction  found  in  other  devices. 

The  observations  reported  here  clearly  show  that  during  an  oxidation 
process,  stacking  faults  grow,  while  during  a nonoxidizing  high  temperature 
process,  the  staoking  faults  shrink.  Evidently,  the  shrinkage  process  may 
oocur  by  two  mechanisms.  (1)  In  the  presence  of  a thermal  oxide,  the  staoking 
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faults  shrink  by  ths  bulk  diffusion  of  silicon  lntsratitlsls  away  fro*  ths 
Prank  partial,  with  tha  oxids  intarfaoa  raf looting  tha  intarstitials  baok  into 
tha  bulk.  Soaa  raoant  measurements  on  tha  shrinkaga  of  staoking  faults 
undamaath  a tharaal  oxlda  show  an  aotlvatlon  anargy  siallar  to  that  of  tha 
self-diffusion  ooaffioiant  of  silioon.^  jn  tha  absanoa  of  a tharaal  oxide, 
Sandars  and  Dobson  showad  that  staoking  faults  shrink  at  a auoh  graatar  rat* 
undar  nonoxidlxing  heat  treatnant,  and  with  a auoh  lower  activation  energy. ^ 
Evidently,  in  tha  absanoa  of  a tharaal  oxide,  tha  silioon  surface  oan  aot  as  a 
sink  for  intarstitials,  and  shrinkaga  than  progresses  by  pips  diffusion  of 
interstitials  along  tha  Frank  partial  to  tha  surfaoe. 

It  is  interesting  to  note  that  Hashlaoto,  at  al.1®  reoently  reported 
that  staoking  faults  shrank  with  an  aotlvatlon  anargy  siallar  to  that  observed 
by  Sandars  and  Dobson^  whan  boron  and  araenlo  ware  driven  underneath  a 
oheaioally  deposited  oxida.  They  interpreted  this  as  a "getterlng"  by  the 
iapurity.  In  line  with  our  previous  argisient,  it  seeas  auoh  wore  likely  that 
a deposited  oxida  allows  the  surfaoe  to  aot  as  a sink  for  Intarstitials,  and 
henoe  allows  pipe  diffusion.  In  this  respeot,  a oheaioally  deposited  oxide 
aay  be  inherently  different  from  a theraal  oxide.  This  suggests  ways  to 
aininize  the  ooourrenoe  of  defeots,  as  we  shall  propose  in  the  last  seotion  of 
this  report. 

In  the  light  of  the  foregoing  disoussion,  we  aay  understand  the  changes 
in  the  topographic  oontrast  observed  in  Figure  51.  During  boron  deposition, 
whloh  is  a nonoxidizing  high  temperature  operation,  stacking  faults  underneath 
the  oxide  shrink,  but  at  a very  low  rate.  Where  the  oxide  has  been  removed 
and  a free  silioon  surfaoe  exists,  the  staoking  faults  shrink,  but  at  a very 
auoh  wore  rapid  rate.  This  is  not  a oonsequenoe  of  the  presence  of  the  boron 
iapurity,  but  results  beoause  the  thermal  oxide  has  been  removed  in  this 
region,  and  tha  surfaoe  oan  then  aot  as  a sink  for  interstitials.  Evidently, 
this  short  heat  treatment  is  not  sufficient  to  totally  eliminate  the  staoking 
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faults,  for  in  ths  subsequent  oxidation,  tho  staoking  faults  grow.  However , 
during  this  oxidation,  staoking  faults  lying  undsr  ths  oxide/nitride  shrink  by 
ths  bulk  diffusion  aeohanlsa,  slnos  no  oxidation  is  taking  plaos  in  thasa 
regions.  Again,  the  staoking  faults  are  not  totally  ellalnated,  but  grow 
during  a subsequent  oxidation  step,  this  tine  also  producing  dislocations  at 
oxide  windows  due  to  unfaulting. 


SECTION  V 


UNFAULTING  OF  STACKING  FAULTS  IN  SILICON 


A.  Introduction 

It  Is  wall  established  that  extrinsic  stacking  faults  are  produoed  fro* 
surface  scratches  when  a silicon  wafer  is  oxidized. 111  After  prolonged 
oxidation,  or  after  multiple  oxidation  cycles,  dislocations  in  a predominantly 
pure  edge  configuration  also  are  seen.11*  It  has  been  concluded  that  these 
dislocations  arise  from  the  unfaulting  of  stacking  faults. *7  in  this  section 
we  report  on  observations  of  the  unfaulting  reaction  in  prooess. 

B.  Experimental 

Wafers  of  (001)  p-type  Czoehralski-grown  silicon,  8 to  15  O-ca,  were 
,'jurfaoe  abraded  using  6 urn  diamond  pat>te,  or  by  using  a wet  cotton  swab  dipped 
in  300  grit  SiC  powder.  After  thorough  cleaning,  the  wafers  were  subjected  to 
a variety  of  steam  oxidations  ranging  from  single  oxidations  of  four  hours  at 
900°C  to  four  hours  at  1100°C,  and  multiple  oxidation  cyoles  at  1050°C.  In 
many  cases,  the  wafers  were  essentially  air-quenched  by  a rapid  pull  from  the 
oxidation  furnace  in  two  seconds  or  less.  The  surface  oxide  was  then  removed, 
and  specimens  were  thinned  for  observation  in  the  transmission  electron 
microscope.  Most  of  the  observations  were  performed  on  a Siemens  IA 
ml crosoope  operating  at  125  kV.  Weak-beam  observations  and  x-ray  analyses 
were  made  on  a JE0L-1000X  microscope  equipped  with  a field  emission  gun  and 
STEM  attachment  and  operating  at  100  kV. 

C.  Results 

In  all  samples  examined,  the  predominant  defects  were  found  to  be 
staoking  faults  bounded  by  Frank  partial  dislo  ions  and  dislocations  with 
Burgers  veotors  in  the  plane  of  the  surfaoe  (001)  of  the  wafer  and  in  a 
predominantly  edge  orientation.  The  size  of  the  stacking  faults  ranged  from 


.leas  than  1 n«  to  > 10  ub,  with  intersecting  arrays  of  stacking  faults 
frequently  found. 

In  aanplea  that  had  been  subjected  to  a rapid  pull,  a snail  fraction  (a 
If)  of  the  stacking  faults  were  found  to  be  in  the  process  of  unfaulting.  An 
exaaple  of  a nearly  ooapletely  annihilated  staoking  fault  is  shown  in  Figure 
56.  the  assignment  in  Pigure  56(c)  is  Bade  on  the  following  basis:  There  are 
three  possible  reactions  by  which  & perfect  dislocation  will  produce  two 
partial  dislocations  separated  by  a staoking  fault: 

(1)  1/2<II0>  - 1/6 <112 > ♦ 1/3 <111 >;  staoking  fault  on  (111)  (1) 

(2)  i/2(ll0)  - l/6<2Il>  + jl/6  <121  > ; stacking  fault  on  (ill)  (2) 

(3)  1/2 (IIO ) - 1/6<2II)  + 1/6<I2I>;  stacking  fault  on  (ill)  (3) 

laaged  in  the  TEM  under  two-beaa  conditions  with  g = 220,  the  partial 

dislocations  in  reaotion  (1)  would  be  visible  along  with  the  stacking  fault; 
for  reactions  (2)  and  (3),  the  partial  dislocations  would  be  visible,  but  the 
staoking  fault  would  be  out  of  contrast.  When  g = 220,  the  Shockley  partial 
and  stacking  fault  of  reaction  (1)  would  be  invisible,  while  the  Frank  partial 
would  show  weak  contrast  where  it  did  not  lie  in  a (llO)  direction.  The 
partial  dislocations  of  reactions  (2)  and  (3)  would  be  out  of  contrast  for 
this  reflection,  but  the  stacking  fault  would  be  in  contrast.  Clearly, 
reaction  (1)  is  the  only  case  consistent  with  Figures  56(a)  and  56(b). 

Exanination  of  Figure  56  shows  that  the  perfect  dislocation  created  by 
the  unfaulting  reaction  has  moved  off  the  (111)  plane  on  which  it  was  created 
(we  shall  show  below  that  the  stacking  fault  is,  in  fact,  being  annihilated 
rather  than  created),  illustrating  that  some  tine  has  elapsed  sinoe  the 
unfaulting  has  occurred.  Note  also  that  the  Shockley  partial  i9  curved  into 
the  staoking  fault. 

Figure  57  illustrates  a freshly  unfaulted  stacking  fault.  In  this  figure 
a perfect  dislocation  (out  of  contrast)  has  dissociated  on  the  stacking  fault 
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Figure  56  Partially  Annihilated  Stacking  Fault.  (a)  Out  of  contrast 
(b)  In  contrast,  (c)  Dislocation  assignments  according  to 
Thompson  notation. 
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Figure  57  Unfaulting  Shockley  Partial  Dislocations  Nucleated  from  Dislocation 
with  Burgers  Vector  in  Plane  of  Fault.  Arrow  1 points  to  nucleating 
dislocation  (out  of  contrast)  and  arrow  2 to  precipitates  on  other 
out  of  contrast  dislocations.  Note  residual  fringe  on  unfaulted 
plane  (arrow  3). 


planet  Into  two  Shockley  partials  (also  out  of  contrast;  see  Figure  57(b)] . 
The  configuration  of  these  partials  is  such  that  the  intrinsic  fault  between 
them  annihilates  the  extrinsic  oxidation  stacking  fault.  Again  note  that  the 
Shookley  partials  are  curved  into  the  stacking  fault. 

A aost  remarkable  feature  of  this  figure  is  the  residual  fringe  visible 
where  the  fault  has  been  annihilated.  We  see  this  residual  fringe  only  when 
the  stacking  fault  is  annihilated  by  Shockley  partials  nucleated  from  a 
dislocation  whose  Burgers  vector  lies  in  the  stacking  fault  plane.  This 
contrast  is  indicative  of  the  presence  of  an  impurity  adsorbed  onto  the 
staoking  fault  and  left  behind  after  the  stacking  fault  has  been  annihilated. 
That  this  is  the  correct  interpretation  may  be  seen  in  Figure  58,  where  a 
partially  annihilated  staoking  fault  is  imaged  with  g = &31> . Under  these 
conditions  for  a perfect  stacking  fault,  g.J?  = 1,  and  the  stacking  fault  is 
out  of  contrast.  It  will  be  seen  that  a weak  fringe  is  still  present  on  the 
staoking  fault,  and  it  is  continuous  across  the  freshly  annihilated  region. 
It  should  also  be  noted  that  the  presence  of  the  impurity  plane  clearly  shows 
that  the  reaction  is  unfaultlng  the  staoking  fault. 

The  sense  of  the  dlrplacement  across  the  plane  of  impurity  atoms  say  be 
readily  determined  by  oomparing  the  sense  of  the  black~white  fringes  with 
respect  to  the  fringes  on  the  staoking  fault.  Figures  57  and  58  show  that  the 
fringe  in  the  unfaulted  region  is  a weak  continuation  of  the  stacking  fault 
fringe.  Since  the  stacking  fault  is  interstitial,  the  displacement  causing 
the  residual  fringe  is  dllatational. 

An  estimate  of  the  magnitude  of  the  displacement  was  obtained  by  imaging 

several  partially  annihilated  stacking  faults  formed  at  950 °C  with  the 

appropriate  ln~oontrast  220  reflection,  and  under  conditions  of  s «0. 

Comparing  the  amplitude  cf  the  residual  fringe  with  the  amplitude  of  the 

ifi 

stacking  fault  fringe,  and  using  the  calculations  of  Hunphreys,  et  al.,  it 
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was  possible  to  estiaate  that  g • R was  from  0.03  to  0.10.  No  appreciable 
difference  was  detected  in  the  magnitude  of  g • R of  the  residual  oontrast  of 
partially  annihilated  staoking  faults  formed  in  the  range  of  900 °C  to  1100 °C. 
Using  the  x-ray  and  STEM  attachments  of  the  JE0L-100CX  microscope,  we  have 
been  unable  to  deteot  any  impurity  on  the  staoking  faults. 

Attempts  were  made  to  destroy  the  impurity  plane  by  heat  treatment  and 
subsequent  TO!  observation.  Even  after  four  hours  at  700°C,  no  detectable 
change  was  observed  in  the  intensity  of  the  residual  fringe  (Figure  59) • 

While  Figure  57  shows  the  nucleation  of  the  annihilating  Shookley 
partial s from  a dislocation  whose  Burgers  vector  lies  on  the  plane  of  the 
stacking  fault,  Figure  60  shows  the  nucleation  of  a Shookley  partial  from  a 
dislocation  whose  Burgers  vector  is  not  coplanar  with  the  stacking  fault. 
Figure  56  is  evidently  an  example  of  the  annihilation  of  an  isolated  stacking 
fault  where  the  Shockley  partial  was  nucleated  within  the  stacking  fault  and 
not  by  an  intersecting  dislocation.  Previous  work  has  shown  the  existence  of 
edge  dislocations  with  the  shape  and  size  of  stacking  faults  found  nearby.11* 

In  some  cases  we  have  found  entire  arrays  of  stacking  faults  in  the 
process  of  uufaulting.  An  example  of  this  is  shown  in  Figure  61.  From  the 
four  micrographs  in  this  figure,  the  dislocation  assignments  of  Figure  62  may 
be  made.  An  interesting  feature  of  these  figures  is  a Shockley  partial, 
indicated  by  the  arrow  in  Figure  62,  whioh  is  not  curved  into  the  staoking 
fault.  This  is  the  only  case  we  have  observed  where  the  Shookley  partial  was 
not  so  ourved. 

Weak  beam  studies  have  been  made  on  some  of  the  unfaulting  dislocation 
reactions  (Figure  63).  These  confirm  that  the  reaction  does  prooeed  as 
written  in  reaotion  (1),  i.e. , a Shookley  partial  and  a Frank  partial  oombine 
directly  to  form  an  undissociated  perfect  dislocation.  It  is  expeoted  that 
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Figure  63  Weak  Beam  Micrograph  of  Unfaulting  Reaction.  The  Shockley  partial 
bounds  the  stacking  fault  on  the  left,  the  Frank  partial  on  the 
right.  The  resultant  perfect  dislocation  is  undissociated  except 
at  arrows.  Note  the  dissociated  edge  dislocation  in  upper  left  of 
the  micrograph. 
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th«  perfeot  dislocation  resulting  from  unfaulting  will  not  be  dissoolated  into 
two  Shockley  partials,  since  the  perfeot  dislocation  is,  in  general,  not  on  a 
slip  plane.  However,  portions  of  these  dislocations  and,  in  partloular,  the 
portions  that  interseot  the  oryatal  surfaoe,  are  frequently  found  to  be 
dissoolated  onto  a (111)  plane  whose  traoe  on  the  crystal  surfaoe  is 
perpendioular  to  the  original  staoklng  fault  (figure  64) . Through  weak  bean 
studies  on  aany  suoh  dislocations,  it  oan  be  stated  that  if  a portion  of  one 
of  these  perfeot  dislocations  is  located  on  a slip  plane,  it  will  almost 
invariably  be  dissociated. 

An  interesting  feature  of  these  dislocations  is  that  they  are  glissile 
and  oan  be  nade  to  nove  in  the  eleotron  bean.  Figure  65  is  a pair  of  weak 
bean  micrographs  showing  the  notion  of  a dissoolated  edge  dislocation  oaused 
by  foousaing  the  eleotron  bean  to  a spot  ~ 100  nn.  Direot  observation 
oonfirned  that  the  dislocation  remained  dissoolated  during  movement. 

Occasionally,  preolpitation  on  dislocations  was  observed.  An  example  of 
this  is  shown  on  the  out-of -contrast  dislocation  in  Figure  57.  Only  a very 
small  number  of  dislocations  showed  evidenoe  of  preolpitation  (considerably 
less  than  If).  Invariably,  these  were  pure  edge  dislocations,  and  most  were 
either  obviously  the  result  of  recent  unfaulting  by  virtue  of  the  unfaulting 
reaction  in  process,  or  oould  be  deduced  to  be  recently  unfaulted  by  virtue  of 
their  being  the  nucleus  for  unfaulting  of  other  staoking  faults  (see  Section 
V.D). 


X-ray  analysis  of  the  precipitates  in  the  STEM  mode  showed  they  contained 
oopper  (Figure  66).  Weak  beam  studies  revealed  that  the  preoipitates  are 
apparently  formed  during  the  unfaultlng  of  the  stacking  fault  (Figure  67). 
Here,  a series  of  very  small  preoipitate  partioles  oan  be  seen  on  the  perfect, 
undissoolated  dislocation  formed  by  the  unfaulting.  It  will  also  be  noted 

O 

that  a very  small  (~  10  A)  precipitate  is  being  formed  at  the  node  where  the 
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Figure  6k  Weak  Beam  Micrograph  of  Edge  Dislocation.  The  end  intersecting 
the  surface  is  dissociated  on  an  inclined  (111)  plane.  Fringe 
contrast  in  lower  left  hand  corner  is  from  a stacking  fault. 
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Figure  65  Weak  Beam  Micrographs  Showing  Motion  of  Dissociated  Dislocation 

Under  Beam  Heating.  (a)  Before  heating,  (b)  after  heating.  Direct 
observation  showed  the  motion  occurred  while  the  dislocation  was 
d issociated. 
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Figure  66  X-Ray  Spectra.  (a)  From  precipitate  particle,  (b)  from  region  next 
to  particle.  Both  spectra  are  the  difference  between  the  measured 
spectra  and  a spectra  taken  nearby.  Copper  is  detectable  only  in 
(a ) . 


Shook l«y  and  Frank  partials  sect  to  fora  the  perfect  dislocation.  Evidently, 
the  Shookloy  partial  aovec  in  a series  of  juaps,  and  at  eaoh  stop,  the 
mioleation  of  a precipitate  particle  occurs  at  the  dislocation  node.  Vote 
that  no  preoipitation  occurs  on  either  the  Shockley  or  Frank  partiala.  On 
larger  precipitate  particles,  a fringe  was  frequently  seen  [Figure  67(c)]. 

o 

This  fringe  spacing  was  found  to  be  4?  A.  No  diff motion  patterns  were 
observed  froa  the  precipitates. 

On  only  a few  occasions  we  have  also  seen  precipitation  on  stacking 
faults  (Figure  68).  This  has  always  been  near  the  junction  of  the  Frank 
partial  and  the  oxide/silicon  Interface.  Copper  has  previously  been  reported 
to  precipitate  in  this  fashion. ^ Precipitation  in  this  Banner  is 
sufficiently  rare  (we  estiaate  less  than  1 in  10,000  stacking  faults  has 
precipitates)  that  we  have  been  unable  to  verify  the  presence  of  oopper  by 
x-ray  analysis.  In  contrast  to  Ravi  and  Varker's  report,11*  we  see  no  inorease 
in  the  extent  of  precipitation  after  reoxldation,  whether  or  not  the  first 
oxide  is  stripped. 

In  some  regions  of  the  samples,  we  find  areas  in  which  recent  bulk 
nucleation  of  stacking  faults  has  occurred  (Figure  69).  Occasionally,  we  also 
see  peanut-shaped  stacking  faults  such  as  in  Figure  70.  These  stacking  faults 
auat  be  foraed  by  the  nearly  simultaneous  nucleation  of  two  staoking  faults  on 
the  saae  plane  and  grow  together  to  fora  the  observed  shape.  The  simplest 
mechanism  by  which  this  simultaneous  nucleation  can  occur  is  that  the 
unfaulting  of  a previous-generation  stacking  fault  leaves  behind  nuclei  on 
which  next-generation  stacking  faults  can  oocur. 

In  contrast  to  stacking  faults  nucleated  deep  in  the  bulk,  whioh 
invariably  have  a precipitate  partiole  at  the  center  of  the  fault, the 
stacking  faults  we  see  here  do  not.  Weak  beaa  studies  of  these  defects 

o 

(Figure  71)  with  the  stacking  fault  fringe  ~50  A in  periodicity  confira  the 

o 

absence  of  particles  2 30  A,  sinoe  these  would  lead  to  a visible  disruption  of 
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Figure  68  Stacking  Fault 


with  Precipitate  Colony  at  Edge 


rface  Nucleation  of  S 


fringe  due  to  the  ohange  in  the  effeotive  extinction  distance  of  the  electron 
bean  in  the  preoipitate  particle. 

D.  Dlaousalon 

In  all  the  unfaulting  reaotions  we  have  observed,  the  Shockley  partial 
has  been  ourved  into  the  staoklng  fault,  indicating  that  the  reaction  is 
proceeding  toward  the  unfaulting  of  the  staoklng  fault.  The  unfaulting 
reaotlon  proceeds  to  completion  even  in  the  presenoe  of  a oopper  preoipitate 
parti  ole,  l.e.,  the  dislocation  observed  near  the  preoipitates  is  a perfect, 
undlssooiated  dislocation  rather  than  a pair  of  Shookley-Frank  partlals.  This 
shows  that  the  strain  field  of  a copper  preoipitate  partial  is  insufficient  to 
prevent  the  formation  of  the  perfeot  dislocation  from  the  combination  of  the 
Shookley  and  Frank  partlals,  and  to  oause  the  redlssooiation  of  the  perfeot 
dislocation,  once  formed,  into  the  Shookley  and  Frank  partlals.  It  would 
therefore  appear  unlikely  that  if  a perfeot  dislocation  loop  were  formed  in 
allioon,  a faulting  reaction  could  convert  the  loop  into  a stacking  fault, 
even  in  the  presenoe  of  a preoipitate  particle.  Consequently,  we  would  expect 
that  a staoklng  fault  would  be  nucleated  directly  as  a stacking  fault,  and  not 
through  the  faulting  reaotlon  of  a perfeot  dislocation,  as  has  been 
proposed. 5*^ 

The  unfaulting  Shookley  partial  dislocation  may  be  nucleated  by  another 
dislocation,  or  dlreotly  on  the  staoklng  fault.  A residual  plane  of  impurity 
atoms  on  the  unfaulted  region  is  observed  only  when  the  annihilating  partlals 
are  nuoleated  by  a dislocation  whose  Burgers  veotor  is  in  the  plane  of  the 
staoklng  fault.  This  indicates  that  this  unfaulting  oocurs  late  in  the 
ooollng  of  the  wafer,  ainoe  the  impurity  plane  does  not  have  a ohanoe  to 
diffuse  away.  It  is  also  oonslstent  with  the  expectation  that  the  nuoleatioo 
of  the  Shookley  part  lain  is  an  athermal  process.  The  dislocation  responsible 
for  this  nuoleatlon  is  a result  of  a previous  unfaulting  prooess,  with  the 
resulting  dislocation  lying  on  the  (111)  plane  of  the  stacking  fault.  This 
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dislocation  immediately  dissociates  into  the  two  Shockley  partials  in  an 
lntrinsio  configuration,  annihilating  the  extrinsic  staoklng  fault.  'Tote  that 
the  Burgers  vectors  of  the  perfeot  dislocations  that  are  formed  on  completion 
of  the  unfaulting  do  not  lie  in  the  plane  of  the  wafer  surfaoe  for  this 
process. 

That  a residual  impurity  plane  is  not  observed  when  the  Burgers  veotor  of 
the  resulting  perfeot  dislocation  lies  in  the  plane  ~ the  wafer  surfaoe 
indicates  that  this  unfaulting  process  occurs  only  at  higher  temperatures 
where  the  impurity  atoms  do  have  time  to  diffuse  away.  This  would  be  the  oase 
if  the  nuoleation  of  the  annihilating  partial  were  to  be  a thermal  mechanism. 
Figure  60  shows  that  when  this  partial  is  nucleated  from  a dislocation,  a 
climb  meohanism  involving  both  the  perfect  dislocation  and  the  Frank  partial 
is  required  before  a sufficient  length  of  Shockley  partial  is  generated  to 
propagate  and  annihilate  the  staoklng  fault.  Similarly,  the  nuoleation  of  the 
stacking  fault  directly  on  the  stacking  fault  plane  is  expeoted  to  be  a 
thermally  activated  mechanism. 

The  observation  of  precipitation  on  some  of  the  dislocations  and  the 
detection  of  copper  in  the  precipitates  provide  much  information  on  the  effect 
of  copper  in  small  amounts.  It  will  be  appreciated  that  since  these 
precipitates  were  confined  to  only  a few  dislocations,  most  of  which  oould  be 
directly  determined  to  be  the  result  of  reoently  unfaulted  stacking  faults, 
the  level  of  copper  in  the  material  is  extremely  small.  Since  no  additional 
preoipltation  was  noted  after  the  700°C  anneal,  it  would  appear  that  an  upper 
limit  of  5 x 10«  atoms/ can  be  plaoed  on  the  copper  concentration.  (Note, 
however,  that  further  precipitation  may  be  kinetioally  limited  at  this 
temperature.)  It  appears  that  the  contamination  was  introduced  in  the  furnace 
in  whioh  the  oxidations  were  oarrled  out. 
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The  aeohanisa  for  praoipitation  was  observed.  Tha  praoipltatas  war? 
found  to  ba  nuolaatad  at  tha  noda  batwaan  tha  thraa  dislocations  during  tha 
unfaultlng  prooasa.  The  obvious  souroa  of  inpuritiaa  for  tha  praoipitation 
prooass  is  tha  staoklng  fault.  Than,  as  tha  unfaulting  prograsaaa,  tha 
lapuritlas  are  swept  up  by  a pipe  diffusion  aeohanisa  on  the  Shooklay  partial 
to  the  preoipitate  site.  Ha  do  not  sea  praoipitation  on  aost  defects  of  this 
saae  type,  however.  (Coapara,  for  exaaple,  Figures  63  and  67.)  If  the 
dofeots  with  no  praoipltatas  were  forned  at  higher  taaparaturas  than  those 
with  praoipltatas,  then  there  are  thraa  possible  explanations  for  the.laok  of 
praoipltatas: 

(1)  Thera  are  negligible  iapuritiea  on  the  staoklng  fault  at  tha 
higher  taaparaturas. 

(2)  Tha  unfaultlng  raaotlon  at  higher  taaparaturas  is  sufficiently  rest 
to  disfavor  nuoleation,  and  henoe  tha  iapuritiea  diffuse  away. 

(3)  The  praoipltatas  font  due  to  the  local  supersaturation,  but  have 
aufflolent  tiae  to  redlssolve. 

Thera  is  dlreot  evidenoe  to  support  tha  second  aeohanisa.  In  Figure  67 
tha  spaaing  between  praoipltatas  daoreases  froa  left  to  right.  Sinoe  tha 
Shooklay  partial  is  also  aoving  in  this  saae  direction,  tha  teaperature  of  the 
saapla  aust  have  bean  higher  when  the  precipitates  at  the  left  ware  forned 
than  whan  those  on  the  right  were  foraed.  The  observed  spaaing  is  then 
consistent  with  a decreasing  velooity  of  tha  Shooklay  partial  with  daoraasing 
teaperature,  but  with  a lass  slowly  daoraasing  nuoleation  rata. 

Assuaing  tha  lapuritlas  in  the  preoipitate  particles  are  derived  solely 
froa  tha  staoklng  fault,  it  is  possible,  froa  Figure  67,  to  estlaate  tha 
ooizoentration  on  tha  staoklng  fault.  Sinoe  tha  laages  of  tha  parti olas  do  not 
shift  when  tha  g veotor  is  reversed  in  sign,  while  the  position  of  tha 
dislocation  iaage  does,  the  laages  of  tha  partloles  can  be  deterained  to  arise 
froa  tha  exoltation  of  a dlffraotad  beaa  froa  within  tha  partloles.  Tha  iaage 
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size  la  than  tha  trua  partiola  alza.  Assuaing  an  atoaio  volume  of  12  A^,  and 
assuming  all  tha  atoms  in  a partiola  eoae  from  tha  stacking  fault,  than  It  la 
aatlaatad  that  tha  oonoantratlon  of  lapuritlea  on  tha  ataoklng  fault  aust  have 
baan  of  tha  ordar  of  1.7  x 10 ^ Ob'*. 

It  ahculd  ba  noted  that  the  aode  of  preolpltation  we  observed  auat  be  the 
eaaleat  aode,  alnoe  no  preolpltation  is  observed  on  either  the  Shookley 
partial  or  the  Prank  partial. 

We  next  consider  the  question  of  what  iapurity  causes  the  residual  fringe 
oontrast  and  henoe  is  found  on  the  stacking  fault.  A lower  estimate  for  its 
oonoentration  aay  be  made  by  assuming  that  its  volumetric  expansion  is  equal 
to  the  volume  oooupied  by  1 atoa  of  silicon,  i.e.,  2 x 10-2^.  Sinoe 
displaoeaent  is  observed  only  in  a direction  normal  to  the  (111)  plane  on 
whloh  the  lapuritlea  are  looated,  it  is  most  probable  that  the  iapurity  is 
looated  on  the  bonds  normal  to  this  plane.  Using  the  values  of  g • If  In  the 
last  seotion,  it  is  then  possible  to  estimate  that  the  oonoentration  is  from  2 
x 1011*  to  M x 10^  om"2,  whioh  is  equivalent  to  a oonoentration  of  froa  6 x 
1020  to  1.2  x 1021  atoms/ cm^  on  the  single  staoking  fault  plane.  Clearly, 
this  is  a large  oonoentration,  and  the  only  impurities  that  could  be  available 
in  auoh  oonoentration  are  oxygen  and  oopper.  The  above  oonoentration  eatlaate 
ia  probably  considerably  smaller  than  the  oonoentration  that  is  present,  due 
to  a conservative  value  for  the  volumetrio  expansion.  Oxygen,  for  example, 
has  a reported  value  of  A, 5 x 10  “2l*.2®  Using  this  value,  the  oonoentration  on 
the  staoking  fault  would  be  of  the  order  of  9 x lO1^  to  1.8  x lO1*1  oa'2.  A 
oorres ponding  voluaetrio  expansion  coefficient  is  not  available  for  oopper. 
This  latter  value  is  surprisingly  close  to  that  estlaated  for  the 
oonoentration  required  to  give  rise  to  the  precipitates. 

We  are  now  in  a position  to  propose  a consistent  aodel  that  explains  the 
disposition  of  the  impurities  as  unfaulting  ooours  at  various  temperatures. 


At  the  highest  temperatures,  ths  rssotion  prooeeds  so  fast  that  tbs  nucleating 
prooeas  does  not  have  ties  to  take  plaoe.  The  residual  impurities  diffuse 
away,  and  no  preolpitatlon  ooours.  At  intermediate  temperatures  tbs  relooity 
of  the  partial  is  slow  enough  to  allow  nuoleatlon  at  the  dislocation  reaotlon 
node.  Diffusion  of  the  Impurities  to  the  preoipitate  then  ooours  via  pipe 
diffusion  (or  possibly  aoroas  the  staoklng  fault  plane).  The  reason  the 
preoipitates  are  formed  on  the  edge  dislocation  (or  rather,  as  oareful 
examination  of  Figure  67  shows,  ahead  of  the  dislocation)  is  that  this 
dislocation  oan  accommodate  the  interstitials  produced  by  oliab.  As  the 
temperature  is  reduced  further,  either  the  diffusion  rate  of  the  lapurities  or 
the  oliab  rate  of  the  dislocations  is  sufficiently  aaall  that  the  notion  of 
the  Shookley  partial  proceeds , leaving  behind  the  Impurity  plane,  and  again, 
no  preolpitatlon  ooours . This  low  teaperture  stage  is  never  observed  when  the 
Shookley  partial  is  nuoleated  by  a thermally  aotivated  prooess  --  the 
unfaulting  is  complete  (or  nearly  ooaplete)  by  the  onset  of  this  stage.  The 
small  segments  of  unfaulted  staoklng  fault  that  we  observe  in  this  case 
evidently  result  from  a pinning  of  the  Shookley  partial  before  the  last 
temperature  stage  is  reached.  All  of  this  ooours  at  T > 700*C. 

The  observed  stability  of  the  residual  impurity  plane  at  700°C  seems 
inconsistent  with  the  impurity  being  only  oopper,  however.  It  would  appear 
that  four  hours  at  this  temperature,  during  whioh  the  diffusion  length  of 
oopper  is  1 am,  would  be  sufficient  to  cause  the  complete  dissolution  of  the 
plane,  or  at  least  the  formation  of  preoipitate  platelets.  Consequently,  we 
believe  that  the  impurity  plane  is  mainly  oxygen.  This  would  also  mean  that 
the  preoipitate  parti oles  also  oontain  oxygen.  The  observed  Moire  fringe 
oontrast  seen  on  the  larger  partioles  lends  support  to  this  supposition.  An 
identical  fringe  oontrast  has  been  seen  by  Bialas  and  Hesse21  for  preoipitates 
of  310-  on  dislocations  in  silloon.  It  is  indicative  of  an  lnterplanar 

* o 

spaaing  of  1.92  1 0.08  A in  the  preoipitate  partiole,  in  agreement  with  the 
spacing  of  1.65  A found  in  several  phases  of  SiOg.  Under  these  oiroumstanoes. 
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the  ooourrenoe  of  oopper  in  the  precipitate  nay  be  incidental  to  the  formation 
of  the  precipitate.  The  oopper  ia  "gettered"  into  or  onto  the  precipitate 
particle. 

Attempts  were  made  to  determine  the  stacking  fault  energy  of  the  "dirty" 
stacking  fault  by  measuring  the  radius  of  ourvature  of  the  Shookley  partial 

o 

dislocation.  The  values  were  found  to  range  from  ^ 300  A to  1 urn  for  the 
radius  of  ourvature.  The  largest  values  were  found  for  Shockley  partials  that 
left  behind  an  impurity  plane.  These  dislocations  were  obviously  arrested  in 
motion  by  the  oooldown  of  the  sample  and  therefore  are  not  in  equilibrium.  The 
smallest  value  was  found  on  defects  that  can  reasonably  be  expeoted  to  be  in 
equilibrium,  for  example,  the  partial  dislocations  in  Figures  60  and  67.  The 
calculation  of  the  stacking  fault  energy  from  this  radius  of  ourvature  leads 
to  a value  greater  than  that  reported  for  the  extrinsio  stacking  fault,10 
however.  This  is  an  indication  that  there  is  an  additional  stress  acting  on 
these  dislocations.  A stress  caused  by  the  lesser  thermal  expansion 
ooeffiolent  of  the  surface  silicon  oxide  with  respect  to  that  of  the  silicon 
would  lead  to  a stress  of  the  proper  sign  to  cause  increased  bowing  of  these 
partial  dislocations.  It  is  therefore  impossible  to  measure  the  stacking 
fault  energy  in  our  samples.  It  should  be  emphasized,  however,  that  the 
energy  of  the  stacking  fault  with  an  adsorbed  impurity  must  be  less  than  that 
of  a dean  fault.  In  fact,  some  recently  reported  anomalies  on  the 
dissociation  of  sorew  dislocations  in  silicon  show  that  the  extrinsic  staoklng 
fault  energy  in  silicon  oan  be  lowered,  probably  by  the  adsorption  of 
impurities  onto  the  staoklng  fault.11 

It  should  be  noted  that  residual  contrast  has  been  previously  reported  on 
stacking  faults  when  g*  ■ R = 1 for  a perfect  stacking  fault, 5,22  indicating 
that  the  extrinsic  stacking  fault  resulting  from  oxidation  or  preoipitation  is 
dirty. 
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We  are  now  in  a position  to  understand  the  nuoleation  of  new  stacking 
faults  that  is  observed.  When  a previous  staoklng  fault  is  annihilated  at 
high  temperature,  it  leaves  behind  the  adsorbed  lapuritiea,  initially  on  one 
plane.  Evidently,  the  oxygen  and  copper  left  behind  oan  nuoleate  the  new 
stacking  fault  in  the  presence  of  exoess  interstitials  produced  by  the 
oxidation  at  the  surface.  The  role  of  oxygen  in  this  nuoleation  process  Is 
fairly  dear;  it  suppresses  the  stacking  fault  energy  of  the  resulting  defeot, 
asking  the  collapse  of  the  interstitials  into  a staoklng  fault  feasible.  The 
role  of  copper  is  less  clear.  Perhaps  it  serves  as  the  "glue"  to  hold 
everything  together  until  the  stacking  fault  is  formed. 
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SECTION  VI 


DISCUSSION 


This  •action  oon tains  a review  of  the  electrically  active  defeote  that 
have  been  observed  and  a discussion  of  their  probable  origins.  A model  for 
eleotrical  activity  free  dislocations  is  proposed  that  is  consistent  with  our 
observations.  Finally,  we  present  a discussion  of  gettering  mechanises  based 
on  our  observations  of  the  effcots  of  gettering  in  devices,  as  well  as  on  the 
results  of  Section  V. 

A.  Origins  of  Electrically  Active  Defects  in  CCD  Imagers 

1 . Dislocation  from  Unfaulted  Subsurface  Bulk  Stacking  Fault 

This  is  the  most  prevalent  type  of  dark  current  producing  defect, 
and  evidence  for  it  was  found  in  almost  all  the  material  Investigated.  The 
occurrence  of  these  defects  appears  well  correlated  to  both  faulted  and 
unfaulted  stacking  faults  in  the  channel  stops.  From  five  to  ten  times  as 
many  defects  were  found  in  the  channel  stops  as  in  the  channel.  In  the 
imager,  these  defects  gave  rise  to  a locally  random  distribution  of  dark 
ourrent  spikes,  most  of  very  low  level,  with  some  having  moderate  level.  The 
defect  size  ranged  from  0.1  urn  to  ~ 10  ms.  Most  were  1 or  less  in  length. 


We  have  found  that  the  length  of  stacking  faults  nucleated  at  the 
beginning  of  the  process  is  9 Mm  in  the  channel  stop,  ~ 1.3  urn  in  the  oenter 
of  the  channel,  and  up  to  7.5  urn  at  the  edge  of  the  channel.  The  variability 
in  length  that  was  observed  in  devices  not  intentionally  damaged  clearly 
indicates  they  are  nucleated  throughout  the  process.  Thus,  this  defect 
appears  to  be  the  same  as  that  previously  reported  to  be  the  most  pervasive  in 
CCD  imagers . ^ It  should  be  noted  that  our  investigations,  whioh  have  been 
a more  thorough  characterization  than  the  etching  studies  that  have  been  used, 
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reveal  that  the  defeot  in  the  ehannel  is  an  unfaulted  staoking  fault,  at  least 
in  our  devioe. 

The  fact  that  the  smaller  defects  are  more  numerous,  particularly 
under  the  ohannel  stop  oxide,  suggests  that  the  largest  number  of  ‘.hese 
defeots  are  nucleated  late  in  the  processing  oyole.  In  particular,  it  would 
appear  that  most  of  them  are  nucleated  before  or  during  the  growth  of  the 
oxide  underneath  the  polysilicon  gate. 

Even  though  they  are  nucleated  in  the  bulk,  these  stacking  faults 
are  clearly  different  from  bulk  stacking  faults  found  deep  in  the  slice  and 
those  associated  with  bulk  swirl  precipitation  in  that  no  central  preolpltate 
ic  found  on  the  staoking  fault.5’**  Furthermore,  all  of  them  are  nucleated 
dose  to  the  oxlde/sillcon  interface.  In  this  respect  they  are  identical  to 
the  freshly  nucleated  staoking  faults  discussed  in  Section  V. 

A plausible  soenario  for  the  development  of  these  defeots  requires 
the  hypothesis  of  the  nuoleation  mechanism.  Two  mechanisms  seem  reasonable: 

(1)  That  copper  acts  as  a nuoleation  agent  for  staoking  faults. 
Thin  possibility  was  discussed  in  Section  V.  The  observed  size  distribution 
would  then  follow  from  an  increased  oopper  concentration  during  prooesslng 
and/or  the  failure  of  intrinsic  and  baokside  gettering  mechanisms  in  the 
prooess.  In  either  event,  the  increase  in  the  amount  of  oopper  available 
would  result  in  an  increased  nuoleation  rate  later  in  the  process. 

(2)  That  carbon  aota  as  a nuoleation  agent  for  staoking  faults. 
There  is  some  indireot  evidence  implicating  carbon  as  a source  of  defeots  such 
as  staoking  faults.25’2^  The  observed  size  distribution  would  then  result 
from  the  diffusion  of  carbon  to  the  surface  during  processing,  and  the 
subsequent  increased  concentration  available  for  nuoleation. 
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In  either  event,  it  should  be  reoognized  that  the  nucleation  must 
require  several  impurity  atoms;  otherwise,  there  would  be  many  store  stacking 
faults  than  are  actually  observed.  The  requirement  for  several  atoms  would 
lead  to  a nucleation  rate  proportional  to  same  power  of  the  oonoentration  of 
impurities  and,  henoe,  would  be  strongly  reduced  with  deereasing 
concentration.  In  addition,  it  seems  likely  that  a supersaturation  of  oxygen 
and/or  a superset jration  of  silicon  self-interstitials  are  also  required  for 
the  nucleation  to  take  place. 

It  should  also  be  noted  that  a 700 °C  anneal  is  effective  in 
nucleating  stacking  faults  in  Czochralskl  silicon.2^  All  commercial 
Czoohralski  silicon  (including  that  used  in  this  study)  receives  an  anneal  in 
this  temperature  region  to  stabilize  the  resistivity  while  the  orystal  is 
still  a boule.  Sinoe  the  nuclei,  onoe  formed,  are  stable  at  high  temperatures, 
it  appears  likely  that  some  of  the  large  stacking  faults  are  a result  of  this 
stabilization  bake. 


2.  Prooeaa-Induoed  Dislocations 

The  types  of  process-induced  dislocations  include  the  familiar 
thermal  stress  dislocations,  whioh  are  generated  by  thermal  gradients  during 
slice  cooldown2®;  and  dislocations  generated  at  the  oenter  of  the  baokside 
during  processing,  which  are  propagated  to  the  frontside.  Our  results 
indicated  that  both  float-zoned  and  baokside- damaged  Czoohralski  slices  are 
more  susceptible  to  the  formation  of  these  defeots  than  are  conventional 
Czochralskl  wafers. 


Reoently,  Hu2^  has  shown  that  dislocations  are  able  to  move  under 
lower  stresses  in  oxygen-free  silioon  than  in  silicon  with  oxygen.  This  would 
explain  the  behavior  of  the  float-zoned  material.  Laoking  oxygen,  for  a given 
stress  source,  the  dislocations  oan  propagate  further  to  a region  where  the 


stress  is  lover  then  they  osn  for  an  identical  stress  source  in  Csoohralsld 
sllioon. 


j The  behavior  of  baokaide- damaged  silicon  vould  suggest  that  the 

stresses  introduced  by  thermal  stresses  or  backside  process  daaage  are  added 
to  the  stresses  introduced  by  the  baokside  daaage  process.  While  neither  of 
these  alone  is  sufficient  to  cause  a problem,  together  they  result  in  numerous 
dislocations  at  the  frontside  of  the  device. 

3.  Device  Stress  Dislocations 

These  dislocations  are  shallow  dislocations  found  in  the  ohannels 
and  ohannel  stops.  In  Section  IV  it  was  shown  that  these  dislocations  are 
formed  during  the  thick  oxide  growth  step,  probably  during  cooldown.  They  are 
glide  dislocations  and  move  under  the  stress  of  the  thick  oxide,  which  exists 
due  to  the  differences  in  the  thermal  expansion  coefficients  of  silicon  and 
sllioon  dioxide.  The  overlying  polysilicon  also  exerts  a stress  field  that 
has  been  found  sufficient  to  remove  shallow-lying  ohannel/ohannel  stop 
dislocations  from  the  sllioon,  and  in  some  instances  to  generate  short 
segments  of  dislocation  perpendicular  to  the  ohannels  and  ohannel  stops. 


Two  nuolestion  mechanisms  have  been  observed  for  these  dislocations: 

(1)  From  a preexisting  dislocation.  These  dislocations  may  be 
thermal  stress  dislocations  or  dislocations  formed  subsurface  during  the  bulk 
swirl  precipitation  of  oxygen. 

i 

(2)  From  a scratch.  Since  a scratch  is  usually  converted  into  a 

series  of  stsoking  faults  during  the  initial  oxidation,  the  source  of  the 
dislocation  ia  probably  an  unfaulted  stacking  fault.  \ 

3 

i 

Sinoe  these  ere  glide  dislocations,  their  movement  ia  confined  to  I 

i 

(111)  planes.  Consequently,  they  may  be  effeotively  controlled  by  placing  the  ■ 
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ohannels  and  ohannel  atopa  (and  the  polyaiioon  eleotrodea)  in  (100) 
di recti ana.  In  thla  Banner,  (111)  planea  are  no  longer  parallel  to  the  atreaa 
field  of  the  thick  oxide  or  polyailieon,  and  dialooation  propagation  la  not 
favored.  In  fact,  ve  have  never  aeen  thia  type  of  defeot  in  aaaplea  with  a 
(100)  flat. 

4.  ItoBlatlo  Defect 

Thia  defect  producea  regiona  of  higher  dark  current  that  have  been 
characterized  aa  dark  current  banding.  Most  interesting  la  the  fact  that  the 
appearance  of  dark  current  banding  has  invariably  been  associated  with  the 
nearly  ooaplete  absence  of  dark  current  spikes.  It  has  been  found  to  be 
getterable  at  short  range  (<  50  mb) . 

5.  Surface  Defect 

This  defect  was  deduced  to  be  located  at  the  silicon  - oxide 
interface,  since  no  defeot  that  waa  observed  in  the  electron  microscope 
correlated  with  the  dark  current  defect  in  the  imager.  This  defeot  is 
getterable  by  backside  mechanical  damage.  It  has  been  found  at  the  periphery 
of  bulk  awirl  precipitation,  and  only  when  dark  current  banding  is  not  present. 

6.  Staoklng  Faults 

Stacking  faults  in  the  ohannels  have  been  observed  in  this  work  only 
when  the  ataoklng  fault  was  nucleated  from  a soratch.  Stacking  faults 
nucleated  by  another  meohanlsm  (or  mechanisms)  have  always  been  found  to  ha*e 
unfaulted  in  the  ohannel.  Stacking  faults  in  the  channel,  however,  have  been 
found  to  be  a source  of  dark  current. 

8.  Electrical  Activity  of  Dlalooatlooa 

A marked  difference  in  the  electrical  aotivity  of  dislocations  has  been 
noted  in  thia  study.  In  particular,  we  find  that  very  few  dislocations  that 
originate  by  a glide  mechanism  are  dark  ourrent  sources,  while  our  data 
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suggest  that  alnost  all  dislocations  resulting  from  the  unfaulting  of  a 
stacking  fault  are  da~k  ourrent  sources.  While  we  do  not  have  a definite 
count,  our  observations  on  the  eleotrical  activity  of  glide  dislocations  is  in 
agreement  with  published  accounts  that  only  5%  of  these  dislocations  are 
electrically  aotl ve .^3,30 

In  the  first  place,  it  is  clear  that  a dislocation  aust  be  in  the 
depletion  region  of  a device  if  it  is  to  be  a dark  current  source,  since 
dislocations  located  just  outside  the  depletion  region,  created  by  bulk  swirl 
preoipitatlon,  are  not  dark  current  sources.  The  depletion  region  extends  to 
a shallow  region  under  the  channel  stop,  and  an  electrically  active 
dislocation  has  been  found  here.  The  surprising  feature  is  that  dislocation 
from  unfaulted  stacking  faults,  which  are  seldoa  aore  than  1 pa  in  length,  are 
dark  ourrent  sources,  while  glide  dislocations  that  have  at  least  5 pa  in  the 
depletion  region  are  not  dark  current  sources. 

It  should  be  pointed  out  that  no  precipitates  have  been  found  on  any 
defeot  in  devices  in  this  work.  The  behavior  of  copper  preolpltates  in  weak 
beaa  experiments  on  defects  in  nondevioe  samples  enables  us  to  conclusively 

o 

state  that  in  devices,  no  copper  precipitates  larger  than  5 A diameter  are 
present.  Thus,  it  appears  that  precipitation  can  be  ruled  out  as  the  cause  of 
observed  electrioal  activity. 

A possible  explanation  for  this  behavior  results  froa  the  weak  beaa 
experiments  conducted  in  the  electron  aioroscope  on  these  dislocations.  In 
particular,  we  find  that  aost  glide  dislocations  are  dissociated  into  two 
Shookley  partial  dislocations,  while  all  dislocations  resulting  froa  the 
unfaulting  of  a stacking  fault  are  undissociated.  Thus,  a simple  explanation 
is  that  undissociated  dislocations  are  dark  current  souroes,  while  dissociated 
dislocations  are  not. 


131 


Hirth  and  Lotbe^1  show  that  two  types  of  dlslooatlons  are  possible  In 
silioon.  They  naae  these  the  "shuffle11  and  "glide"  sets  of  dislocations. 
Examination  of  ball  and  stick  aodels  of  these  dislocations  (Figure  72)  shows 
that  the  dangling  bonds  foraed  on  the  glide  set  of  dislocations  may  be  healed 
by  the  formation  of  five  and  seven  rings  (rather  than  the  noraal  six  rings 
found  in  the  perfect  crystal),  while  the  dangling  bonds  on  the  shuffle  set  aay 
be  Joined  only  by  the  foraation  of  three  rings.  The  foraation  of  three  rings 
would  appear  energetically  unfavorable  beoause  of  the  large  strain  assooiated 
with  their  foraation.  Thus,  if  the  dissociated  dislocations  we  observe  belong 
to  the  glide  set,  their  core  structure  could  have  no  dangling  bonds,  thus 
accounting  for  their  electrioal  inactivity.  If  the  undissooiated  dislocations 
belonged  to  the  shuffle  set,  then  the  dangling  bonds,  or  the  adsorption  of 
lapurlties  to  the  dangling  bonds,  could  account  for  their  eleotrical  aotivity. 
Conversion  of  the  electrically  Inactive  glide  dislocation  to  an  electrically 
active  dislocation  could  then  occur  either  through  oonstriction  of  the  two 
partials  into  an  ^dissociated  dislocation,  or  possibly,  as  has  been  recently 
discussed,  thr  the  conversion  of  one  of  the  partials  from  the  glide  set  to 
one  of  the  shuffle  set,  by  the  application  of  suitably  high  stresses  at  low 
temperatures . 

Based  on  the  observed  dark  current  and  the  length  of  dislocation,  we 
estimate  that  the  undissociated  dislocation  resulting  from  the  unfaulting  of  a 
stacking  fault  r*»*ilts  > leakage  of  1 to  5 nA/om  of  dislocation  line  in  the 
depletion  region. 

C.  Kffeot  of  (lettering  on  Park  Current  Defects 

He  have  observed  get  ing  by  two  different  mechanisms:  by  backside 
mechanical  damage,  and  intrinsic  gettering  by  the  bulk  swirl  precipitation 
of  oxygen.  Their  effect! vensss  on  various  defects  is  summarized  in  Table  5. 
Clearly,  backside  meohanioal  damage  has  been  dissappointing  as  a gettering 
mechanism.  Bulk  swirl  preoipitation , on  the  other  hand,  appears  much  more 
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Table  5 

Summary  of  Getter  I ng  Effects  on  cr.n 
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effective  as  a getterlng  aechanisa.  In  fact,  the  best  laagers  in  the  present 
study,  with  by  far  the  fewest  dark  ourrent  defects,  have  been  found  over 
regions  where  the  bulk  swirl  preoipltstion  of  oxygen  has  ooourred.  The 
oonverae  is  not  true,  however.  Ve  have  seen  laagers  over  bulk  swirl 
preoipltstion  that  had  a aoderate  nuaber  of  dark  ourrent  defeota. 

Certainly  our  work  shows  that  backside  aeohanloal  daaage  does  no  hara, 
provided  the  process  takes  into  account  the  greater  susceptibility  of  this 
aaterial  to  the  generation  of  prooeas-induoed  dislocations. 

It  is  interesting  that  backside  aeohanloal  daaage  has  not  been  effective. 
It  should  be  noted  that  aost  reports  of  the  effectiveness  of  baokslde  daaage 
follow  it  only  through  a single  oxidation.1*^  In  these  oases,  it  is  found 
that  baokslde  daaage  strongly  reduoes  the  oocurrenoe  of  stacking  faults.  It 
should  be  noted  that  we  see  very  few  large  stacking  faults  in  the  devloes. 
Most  are  very  snail,  indicating  nuoleation  late  in  the  prooess.  Thus, 
baokslde  getterlng  aay  be  initially  effective,  but  loses  its  effectiveness  as 
processing  continues. 

The  daaage  introduced  on  the  frontside  and  reported  in  Section  T oan  be 
viewed  as  a getterlng  aeohanlsa;  as  suoh,  it  provides  us  with  an  explanation 
of  the  failure  of  baokslde  daaage.  In  particular,  we  find  that  copper  does 
not  preoipltate  on  dislocations . We  find  oopper  in  (or  on)  precipitates  of 
oxygen  on  dislocations.  These  preolpltates  are  foraed  in  a very  narrow 
teaperature  range  on  oooling  the  wafer.  Proa  these  results,  we  oan  develop  a 
scenario  for  the  getterlng  of  oopper  in  sllloon. 

(1)  Copper  is  at  best  adsorbed  to  dislocations  in  sllloon.  Proa  the 
previous  section  on  the  electrioal  aotlvity  of  dislocations  it  would  appear 
that  oopper  oan  be  adsorbed  only  on  undlssoolated  dislocations.  It  should  be 
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eaphasised  that  tha  generally  observed  eleotrloal  Inactivity  of  alip 
dial ooati ons  ia  inooapatible  with  these  dislooatlona  fettering  oopper. 

(2)  The  preferred  fettering  site  for  oopper  is  an  oxygen  preolpltate. 
In  Section  V it  was  seen  that  these  precipitates  were  formed  in  oonjunotion 
with  the  unfaulting  of  a ataoking  fault  during  cooldown,  and  from  the  looal 
supersaturation  produoed  by  the  oxygen  adsorbed  on  the  ataoking  fault. 

(3)  The  aain  role  of  dislooatlona  in  baokslde  fettering  la  to  provide 
sites  on  whioh  oxygen  precipitation  takes  place.  In  order  for  this 
precipitation  to  occur,  however,  there  must  be  a supersaturation  of  oxygen. 
This  condition  is  aet  during  the  initial  oxidation  of  silicon,  but  as  the 
oxidation  progresses,  the  supersaturation  of  oxygen  decreases  due  to 
out-diffusion  of  oxygen  to  the  baokslde.  Thus,  after  the  first  oxidation,  the 
precipitation  of  oxygen  oeases,  since  there  ia  no  aore  oxygen  to  preolpltate. 
Thus,  the  fettering  action  oeases  to  be  effective. 

(b)  The  ability  of  dislocations  to  adsorb  oopper  will  also  undergo  a 
reduction  with  tiae  as  the  array  tends  toward  the  lowest  energy  fora  of 
dissociated  dislocations. 

(5)  In  oontrast  to  the  baokslde  aechanlsa,  the  bulk  precipitation  ' 
oxygen  has  two  advantages:  it  involves  all  the  oxygen  in  the  slice,  and  hence 
la  oapable  of  fettering  aore  oopper;  and  it  is  continuous  throughout  the 
prooeas,  sinoe  the  oxygen  deep  in  the  bulk  cannot  out-diffuse  as  can  that  near 
the  baokslde. 


3KCTI0M  VII 


RBCOf  1BJDATI0HS 


Froa  the  foregoing  data  and  disousaion,  it  should  be  olear  that  the 
starting  Material  and  the  fundaaental  prooesa  are  inextrioably  oonneoted. 
Defioienoiea  in  the  aaterial  that  are  presuaably  insufficient  to  oauae  dark 
current  apikes  by  theaaelves  develop  into  dark  ourrent  produoing  defeota 
during  processing.  In  addition,  sinoe  stacking  faults  aay  be  nuoleated  by 
traoe  aaounta  of  copper,  and  ainoe  trace  aaounta  aay  be  added  to  the  aaterial 
during  processing,  the  aaterial  aay  also  be  required  to  aake  up  for  inherent 
deficiencies  in  processing  by  providing  eleotrioally  inaotlve  regions  to  plaoe 
this  copper. 

The  prevention  of  defects  in  the  ooapleted  device  aay  then  logioally 
prooeed  by  the  specification  of  aaterial  able  to  oope  with  an  existing 
prooesa,  or  by  a radical  change  in  the  processing,  either  by  aodlfioations  to 
an  existing  prooesa,  or  by  the  developaent  of  a nev  prooesa  that  is  inherently 
defect-free . 

A.  Reooaaendatlons  for  the  Selection  of  CCD  Material 

(1)  Material  that  produces  bulk  swirl  precipitation  of  oxygen  is  the 
best  aaterial  for  the  fabrication  of  defect-free  CCD  laagers.  In  this  study, 
the  beat  laagers  have  been  produced  on  this  aaterial. 

(2)  Baokside  gettering  has  a slightly  beneficial  role.  In  this  study 
backside  gettering  either  has  led  to  a reduction  in  the  nuaber  of  dark  ourrent 
splkea,  or  has  had  no  effect.  Degradation  has  been  noted  only  when  probleas 
were  encountered  in  processing  as  discussed  in  Section  III.C.3. 
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(3)  The  orientation  of  a devioe  on  the  wafer  suoh  that  ohannela  and 
channel  atopa  aro  parallel  to  <100)  direotiona  suppresses  the  formation  of 
dialooationa  caused  by  devioe  stresses. 

B.  Beoommondationa  for  Material  Research 

(1)  Determine  the  requirements  of  material  to  produoc  bulk  swirl 
preoipltation  of  oxygen.  Clearly,  one  requirement  ia  that  the  wafer  contain  a 
large  amount  of  oxygen.  However,  our  experience  has  shown  that  this  is  not  a 
sufficient  requirement;  wafers  with  large  amounts  of  oxygen  do  not  always 
produce  bulk  swirl  preoipltation  when  subjected  to  the  proo ass.  It  appears 
that  the  preoipltation  we  observe  la  heterogeneously  nucleated. 

(2)  Determine  the  effeot  of  eliminating  the  stabilization  bake  currently 
used  to  stabilise  the  resistivity  of  silioon  boulea.  There  are  indications 
that  this  procedure  can  lead  to  the  nucleation  of  stacking  faults  in  the 
devioe  region. 

(3)  Determine  the  role  of  oarbon  in  nucleating  defects.  There  are 
indioations  that  oarbon  may  be  associated  with  the  nucleation  of  defeots  suoh 
aa  ataoklng  faults  in  the  devioe.  If  so,  a low  oarbon  specification  would  be 
in  order. 

(h)  Determine  specifications  and  a quality  control  soreen  for  low- defect 
material.  A quality  control  soreen  would  consist  of  a sequence  of 
oxldatlon/anneals  to  produoe  defects  that  correlate  with  those  developed  in 
the  prooesa.  Because  many  of  the  defects  are  nucleated  late  in  the  process, 
it  ia  unlikely  that  a single  oxidation  or  anneal  will  be  capable  of  developing 
auffioient  evidence  on  material  quality. 
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(5)  Determine  the  Boat  effective  backside  gettering  technique.  In  this 
work  we  have  explored  only  backside  mechanical  damage  as  a gettering 
technique.  Our  results  indicate  that  it  loses  its  effectiveness  early  in  the 
prooess.  It  is  not  clear  whether  this  is  the  case  for  all  backside  gettering 
techniques.  If  intrinsic  gettering  by  the  precipitation  of  oxygen  oan  be  made 
to  work,  however,  the  case  for  backside  gettering  could  be  reduoed. 

C.  Recommendation  for  Modifications  to  Existing  Process 

A two-step  gettering  procedure  prior  to  the  growth  of  the  channel  gate 
oxides  may  alleviate  the  problem  of  stacking  feults  (both  faulted  and 
unfaulted)  in  the  channel  region. 

(1)  An  anneal  under  a neutral  or  reducing  ambient  with  all  channel  oxide 
removed.  This  should  annihilate  existing  stacking  faults  and  dislocations 
from  unfaulted  stacking  faults  by  allowing  them  to  climb  to  the  surface.  The 
climb  proceeds  most  rapidly  in  the  absence  of  a thermal  oxide. 

(2)  The  application  of  an  additional  backside  gettering  process  aftor 
the  anneal.  The  purpose  of  this  gettering  would  be  to  provide  a renewed 
backside  gettering  to  prevent  the  subsequent  growth  of  stacking  faults  during 
the  formation  of  the  gate  oxide. 

D.  Recommendations  for  a Future  Defect-Free  Process 

Our  results  clearly  show  that  the  degrading  defects  are  formed  during 
thermal  oxidation  steps.  Furthermore,  the  thermal  oxide,  when  present,  acts 
as  a mirror  to  silicon  self~interstitials  during  subsequent  nonoxidizing 
anneals.  This  prevents  their  being  annihilated  at  the  surface.  As  discussed 
in  Section  IV,  there  are  indications  that  chemically  deposited  oxide  does  not 
possess  thia  peculiar  property  of  a thermal  oxide. 
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It  would  therefore  iimi  logloal  to  ainiaiae  tba  um  of  tharaal  oxidation 
•tops  to  reduoe  the  forautlon  of  defests.  It  la  suggested  that  ohawioally 
depoaltad  oxldas  ba  investigated  for  usa  aa  dlffuaion  or  laplantatlon  aaaka. 
Tba  uaa  of  high  praaaura  tbaraal  oxidation  at  lower  temperatures  aay  serve  to 
raduoa  tba  growth  of  dafaota  whan  tha  alaotrloal  pr opart lee  of  a tbaraal  oxlda 
ara  raqulrad. 

It  would  appaar  that  tha  optlaua  situation  would  ba  to  have  both  aatarial 
that  la  capable  of  producing  laagers  with  low  dark  current  defect  density  and 
a process  that  ainiaizaa  tha  probability  of  producing  these  defects. 
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APPENDIX  A 


CRYSTALLOGRAPHIC  DEFECTS  JM  SILICON 


A brief  summary  of  the  crystallographic  defects  that  are  discussed  in  the 
body  of  the  text  (dislocations  and  stacking  faults)  la  given  in  this  appendix 
to  allow  the  reader  who  is  unfamiliar  with  the  terminology  used  in  the  body  of 
this  report  to  follow  the  discussion.  Key  terminology  is  therefore 
underlined.  For  aore  detailed  discussion,  the  reader  is  referred  to  the  books 
by  Hlrth  and  Lothe,^  and  by  Babarro.^ 

A.  Dislocation 

The  formation  of  a dislocation  in  a solid  is  Illustrated  in  Figure  A-l. 
Beginning  with  a solid  continuum  block  (a),  a out  is  made  partially  through 
the  block  along  a plane  (b).  Then  the  portion  of  the'  block  above  the  out  is 
shifted  to  the  left  end  the  portion  below  to  the  right  (o).  The  two  portions 
of  the  blook  above  and  below  the  out  are  then  rejoined  to  give  rise  to  the 
dislocation  in  the  continuum,  which  is  located  where  the  out  plane  stopped 
(d).  The  shift  of  the  portion  of  the  blook  above  the  out  with  respeot  to  the 
portion  of  the  blook  below  the  out  is  oalled  the  Burgers  veotor  of  the 
dislocation  and  is  labeled  b in  Figure  A-l(d).  In  this  figure  the  shift  has 
been  Bade  perpendicular  to  the  line  of  the  dislocation  (which  runs 
perpendicular  to  the  plane  of  the  figure),  and  the  resulting  dislocation  is 
oalled  an  edge  dislocation.  Bote  that  the  Burgers  veotor  nay  make  any  angle  to 
the  dislocation  line  siaply  by  shifting  the  top  portion  of  the  blook  in  an 
appropriate  direotion  with  respect  to  the  bottom  before  the  cut  plane  is 
rejoined.  In  particular , if  the  Burgers  veotor  is  parallel  to  the  dislocation 
line,  it  is  oalled  a screw  dislocation. 

The  situation  in  a orystal  is  schematically  illustrated  in  Figures 
A-l(e)  and  A>l(f).  Beoause  of  the  perlodlolty  of  the  crystal  lattioe,  when 
the  top  and  bottoa  halves  of  the  orystal  are  rejoined,  oontlnuity  of  the 
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atoalo  bonis  oan  be  aohleved  only  for  a few  apaolfle  Taluaa  of  tha  Bursars 
vector. 

There  are  two  ways  in  which  a dislocation  aay  wore  in  a arystal.  If  tha 
plana  of  tha  out  ia  an  allowed  slip  plana  [in  silicon,  tha  allowed  slip  planes 
are  (111)  planes],  than  under  tha  application  of  a shear  stress  as  indicated 
by  the  arrows  at  tha  top  and  bottas  of  Figure  A-l(d)  the  dislocation  will  aove 
to  tha  left.  This  prooaos  ia  called  slip  or  glide,  and  tha  dislocation  is 
aallod  glissile.  Mote  that  the  slip  piano  is  tha  plana  oontainieg  both  the 
dislocation  line  and  tha  Burgers  veotor.  Tha  dislocation  aay  also  aeve 
perpendicular  to  tha  slip  plana  by  adsorbing  or  aoitting  a tons  from  its  oora, 
where  the  extra  half  plana  of  atoais  ends  [Figure  A-l(f ) ] . This  process  is 
known  »e  oliab.  Dislocations  for  whioh  tha  dislocation  line  and  Burgers 
vaotor  do  not  fall  on  an  allowable  slip  plana  can  nova  only  by  oliab  and  are 
oalled  sessile. 

TWO  general  classes  o'  dislocations  aay  be  found  in  a faoa  centered  cubic 
crystal  suoh  as  sllioon:  perfect  or  partial.  A perfect  dislocation  is  one  in 
whioh  the  orystal  surrounding  the  dislocation  is  perfect , i.e.,  retains  the 
oubio  ejaaetry,  exoopt  for  distortions  oreated  by  the  discontinuity  at  the 
dislocation  core.  A partial  dialooatlon  is  one  in  »hioh  the  oubio  spasetry  is 
destroyed  by  the  prosenoe  of  a stacking  fault  (see  below)  on  one  side.  In 
sllioon  the  Burgers  vectors  of  psrfeot  dislocations  are  of  the  type  a/2 (110), 
where  a ia  the  lattioe  perimeter. 

B.  Stacking  Fault 

In  a fboe  oentsred  oubio  aateriil,  (111)  planes  of  atone  are  staoked  in  a 
three-layer  sequence  suoh  as  Illustrated  in  Figure  A-2(a).  The  distance 
between  neighboring  planes  suoh  as  A and  B is  a/3(lll>.  Any  of  the  planes  A. 
B,  and  C oan  ba  transformed  to  any  othe**  plane  A,  B,  cr  C by  a single 
translation,  i.e.,  they  are  isoiAorpUlo.  Thus,  if  an  A plane  is  translated 
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Extrinsic  Stacking  Fault 


Stacking 


through  a distanoe  of  a/3  <111)  to  tba  position  of  a B plana,  It  would  still 
remain  an  A plana;  but  if  it  wars  tranalatad  by  an  additional  amount, 
a/6  <llS) , it  would  ba  oonverted  to  a B klane.  Similarly,  a B plana  oan  ba 
oonrartad  to  a C plana  by  an  axtra  translation  of  a/6(l?l>  and  a C plana  to  an 
A plana  by  an  axtra  translation  of  a/6<2ll). 

If  tha  noraal  ataoklng  aaquanoa  ABC ABC  ...  is  altarad  to,  for  axanpla, 
ABAB  . . . (tha  stacking  aaquanoa  for  haxagonal  symmetry),  tha  rasultlng 

dsfaet  is  oallad  a stacking  fault.  For  axanpla,  supposa  an  axtra  B plana  wars 

* 

insartad  batwaan  an  A and  a C plana  (Figure  A*2(b)]  . In  this  figure  tha 
staoking  fault  is  on  tha  right  aids  of  tha  orystal.  Rota  tha  haxagonal 
saqusnosa  BAB  and  BCB.  Vhara  tha  staoking  fault  ands  in  tha  orystal  thara  is 
a partial  dislocation.  In  Flguras  A-2(b)  and  (o),  thasa  are  oallad  Prank 
partial  dislocations  and  have  Burgars  vectors  of  a/3<Ul)  . With  an  axtra 
addad  plana,  tha  stacking  fault  is  oallad  an  extrinsic  staoking  fault.  If, 
however,  a plana  of  atoas  ware  r snored,  such  as  an  A plana  in  Figure  A-2(c), 
an  intrinsic  staoking  fault  would  ba  oraatad  [ again  on  tha  right  side  of 
Figure  A-2(o)] . Again,  note  tha  haxagonal  staoking  aaquanoa  BCB  in  this 
figure. 

Because  a (111)  plana  of  one  type  oan  be  converted  to  a (111)  plana  of 
another  type  by  a translation  of  a/6 <112)  , an  additional  type  of  partial 
dislocation  is  possible.  This  any  ba  accomplished  by  outting  in  a orystal  on 
a (111)  plana  batwaan  an  A and  a B plane,  for  exaapla,  and  translating  tha 
bottom  of  tha  orystal  by  a/6 <211)  before  rejoining  tha  orystal  across  tha  out. 
Tha  result  is  a Shockley  partial  dislocation,  wbioh  has  a Burgars  veotor  of 
a/6  <2ll>  (Figure  A-3).  In  this  figure  note  tha  staoking  sequanoe 
BCB,  indloating  that  tha  resulting  staoking  fault  is  intrinsic  in  nature 
(compare  with  Figure  A-2(c) ]. 


Sinoa  a partial  dialooation  ia  attaohad  to  a ataoklnc  fault,  aa  tba 
partial  dialooation  noraa,  it  aust  oraata  or  destroy  ataoklnc  faults.  Thus,  a 
partial  dislocation  oaa  nore  only  on  tha  plana  of  a ataoklnc  fault  to  uhloh  it 
la  attaohad.  A Frank  partial  oan  tbarafora  nova  only  by  olinb  and  a Sbooklay 
partial  only  by  glide. 
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APPENDIX  B 


CCD  IMAGER  OPERATION 


It  is  appropriate  to  review  the  operation  of  the  CCD  to  clarify  the 
meaning  of  the  data  reported  in  this  work.  The  basic  unit  of  the  CCD  laager 
is  the  MOS  oapaoitor.  Imagine  a pair  of  these  arranged  so  that  the  oonduotlng 
gate  electrodes  (0^^)  overlap,  as  in  Figure  B-l(a)  The  p-type  substrate  is 
doped  with  n-type  pockets  at  the  edge  of  each  electrode,  with  the  last  element 
a contacted  n+  layer.  The  output  gate  OG  serves  to  isolate  the  n and  n+ 
regions.  The  gates  0,,  02,  00  > and  the  oontaot  to  n+  are  electrically 
insulated  from  each  other. 

When  none  of  the  electrodes  are  connected  to  external  voltages,  the 
electrons  are  in  thermal  equilibrium  throughout  the  substrate.  In  normal 
operation,  the  substrate  is  connected  to  ground;  0^ , 02,  and  OG  are  connected 
to  independently  controlled  power  supplies;  and  the  n+  contact  is  held  at  a 
high  positive  voltage.  Next,  the  output  gate  is  pulsed  positively,  lowering 
the  energy  of  any  electrons  in  the  substrate  near  the  oxide  interface.  By  a 
proper  choioe  of  the  pulse  height,  the  electrons  in  the  n-pocket  under  02  are 
"oonneoted"  to  the  n+  doping  region,  where  they  see  lower  energy  states  and 
thus  flow  to  the  n+  where  they  are  collected  and  swept  out  by  the  n+  power 
supply.  When  the  pulse  under  the  output  gate  is  removed,  the  n-pocket  under 
0 2 is  depleted.  A local  oharge  from  the  ions  remains,  and  thermal 
equilibrium  is  destroyed.  Now  02  is  pulsed,  lowering  the  electron  energy 
under  all  of  02.  This  allows  the  electrons  in  the  n-pocket  under  01  to  see  the 
lower  (eleotrostatic)  energy  levels  under  02  and,  as  a result,  transfer  to  the 
n-pocket  under  02.  A second  pulse  on  the  OG  transfers  these  electrons  to  the 
n+  region  and  out  through  the  power  supply.  In  practice,  it  takes  several 
docking  cyoles  to  reach  a steady  state  condition  for  the  time  averaged 
current  through  the  rr  supply.  Onoe  this  condition  is  reached,  the  electron 
energy  for  zero  volts  on  0j , 02,  and  OG  is  as  shown  in  Figure  B-l(b).  Also 
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shown  are  the  regions  controlled  by  eaoh  of  tho  four  power  supplies.  lot* 
that  tho  frootloa  of  tho  region  under  0^ , 02  *hioh  is  not  n-doped  serves  os  o 
borrlor  to  isoloto  tho  n-pookets. 

In  tho  steady  stoto , tho  ourrent  through  tho  n + supply  is  oollod  tho 
"dark  currant"  slnoo  it  is  aeasured  in  tho  dark  whoro  only  thoraal  oarrior 
goo oration  oan  oeour. 

If  tho  pj,  0 2 atruoturos  aro  ropoatod  to  tho  loft  in  figure  B-l(a),  a 

sorial  register  is  gonoratod.  In  this  case,  tho  first  pulsing  of  tho  ^ 

gates,  which  are  bussed  together,  will  a or  go  tho  charge  undor  the  0 1 gates 

with  that  already  present  under  d2.  This  aerged  charge  is  tho  unit  propagated 
+ 

to  tho  n contact.  Tho  ainiaua  spatial  resolution  oleaent  therefore 
corresponds  to  tho  ooablned  area  of  and  02  and  is  oallod  a "pixel,”  for 
pioture  oleaent. 

Baoh  electron  pulse  is  fed  to  a video  aonitor  where  tho  intensity  of  tho 
display  is  arranged  to  bo  proportional  to  tho  nuaber  of  electrons  in  tho 
pixel.  In  tho  ideal  case  there  would  be  no  contrast  on  this  display  because 
the  thoraal  generation  rate  would  be  the  sane  in  each  pixel.  If,  however,  an 
eleotrioally  aotive  defect  occurred  in  one  pixel,  then  the  resulting  white 
spot  on  the  video  display  (dark  ourrent  spike)  will  reveal  both  its  ooourreooe 
and  location  on  the  devloe.  In  praotlce,  the  sensitivity  to  defeots  is 
enhanced  by  allowing  the  device  to  integrate  charge  (pj,  02  at  do)  for  a aaall 
tlae  (we  use  30  as)  between  video  readouts.  The  integration  tiae  aust  be 
abort  oaapared  to  the  tiae  neoessary  for  the  aajority  of  pixels  to  return  to 
thoraal  equilibria,  but  long  enough  to  reveal  the  eleotrioally  aotive  defoots 
with  good  video  oentrast. 

When  the  generation  rate  in  a given  pixel  is  exceptionally  high,  every 
video  pulse  will  be  high  in  intensity,  corresponding  to  a fully  loaded 
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a-pookst,  btoau se  rwry  pixel  md  late  the  n4  region  ncoeoaarlly  gone  throurfi 
the  dtfietlw  uree.  The  video  display  for  thla  oeee  eonelate  of  e white  line. 
Certain  prooeeelng  errors,  however,  alee  pause  white  lines.  In  any  event,  we 
have  chosen  to  ignore  these  white  lines  in  the  disease! on  of  this  work  beenuse 
their  presenoe  does  net  represent,  in  principle  st  least,  a new  type  of 
phanonsnon  to  be  investigated. 


The  laager  used  la  this  work  is  particularly  well  suited  to  the  study  of 
electrically  active  defects  because  the  ratio  of  pixel  area  to  total  devioe 
ares  is  high,  0.7*.  On  s three- look  slice,  sons  area  near  the  edge  is  lost  to 
partial,  nonoperating  deviees.  Kven  so,  51 1 of  the  total  slioe  ares  has 
accessible  pixels  whose  site  [25.*  on  x 25.*  un  (1  ail  x 1 nil)  ],  ashes  it 
easy  to  loonte  defeotlve  areas  for  subsequent  structural  analysis. 
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APPENDIX  C 


CCD  34A0KB  FABRICATION 


The  CCD  laagers  uatd  to  iaags  tho  dark  ourrent  patterns  and  point  defects 
Investigated  under  this  oontraot  are  two-phase,  n-ohannel,  buried  channel 
laagers  with  82  X resolution  elaaents  in  a 0.55  oa2  active  iaaging  area.  Each 
eleaent's  area  is  671  ua2  ( ~ 1 ail2).  The  structure  is  a 
serial-parallel-serial,  full-fraae  forest  with  polysilioon  and  aluninua 
eleotrodea.  The  laager  stores  the  aatrix  of  charge  packets  in  the  iaaging 
area  and  transfers  the  paokets,  one  line  at  a tiae,  into  the  output  serial 
register,  where  each  eleaent  is  sensed  at  a 6AH  MHz  saaple  rate. 

The  laagers  are  fabricated  on  7.6  am  (3  inch)  diaaeter  p-type  (100)  8 to 
12  ft-oa  allloon  slices. 

The  basic  prooeaa  flow,  shown  in  Figure  C-l,  is  suaaarized  below: 

(1)  After  an  initial  cleanup  of  the  slices,  an  Initial  oxide  is  grown. 

A CYD  nitride  etch  and  diffusion  sank  is  deposited  on  the  initial  oxide. 

(2)  The  aoat  region  is  patterned,  using  optical  photolithographic 
techniques , and  the  nitride  is  etched.  Using  the  nitride  as  an  etch  aask,  the 
initial  oxide  is  etched.  A subsequent  boron  diffusion  dopes  the  p regions  of 
the  devloe. 

(3)  A long  oxidation  cyole  grows  a thick  field  oxide  in  the  aoat  and 
channel  stop  regions  of  the  laager. 

(H)  Regions  to  receive  n+  doping,  such  as  souroe/drain  regions,  are  then 
opened  by  nitride  and  oxide  reaoval.  A phosphorus  diffusion  foras  the  n+ 
regions. 

(5)  At  this  point,  the  initial  thin  oxide  is  stripped  back  to  the 
ailioon,  and  an  oxidation  is  perforaed  to  achieve  a clean,  high  integrity, 
gate  oxide. 
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Figure  C-l  CCD  Imager  Process  Flow  Diagram 


(6)  The  buried  channel  doping  la  then  implanted  through  the  gate  oxide, 
and  a aeooad  oxidation  la  performed  to  grow  the  gate  to  its  final  thickness. 

(?)  C¥D  polyailioon  deposition  and  patterning  and  dopant  iaplants  to 
form  the  barriers  and  wells  are  perforaed  to  aooaapllah  a self-aligned  phase 
electrode  with  the  harriers  and  wells.  The  barriers  and  wells  provide  ttw 
directionality  required  for  a 2$  device. 

(0)  A theraal  oxidation  of  the  polyailioon  foras  the  Interlevel 
insulation  required  to  Isolate  the  phase- one  ( polysill aon)  electrode  froa  the 
phase- two  (alioinua)  electrode  to  be  patterned. 

(9)  After  the  oxide  be©  been  raaoved  froa  the  contact  regions,  aluainua 
la  deposited  on  tfcs  slice.  Tbs  aluainua  electrode  and  lead  pattern  is  aasked 
aad  etched. 

(10)  The  alualmi* U>- ell  icon  contacts  arc  sintered  to  reduce  the  contact 
resistance.  The  devices  have  then  consisted  fabrication. 

during  the  fabrication  cycle,  the  highest  teaperature  encountered  is 
1100 1.  All  high  teaperature  (operations  ere  perforaed  with  a slow  push  end 
slew  pull  to  prevent  theraal  shock  in  the  el  ices. 

figure  C-2  shews  a cross- soot  1 anal  view  of  tbs  phase  electrodes  and  the 
laplaats  that  fwe  the  wells. 

Thick  field  channel  stops  with  exoeaa  p-type  doping  separate  the  CCD 
ehsaeals.  These  steps  are  foraert  during  step  (3)  above. 

The  device  is  doped  so  that  the  depletion  region  frja  the  burled  channel 
extends  ~5  >s  into  the  31  froa  the  gets  oxide  - si 1 loon  lnterfeee.  All 
electrically  active  defects  that  reside  in  this  depletion  region  will  generate 
dark  current  signal-  Defects  outside  the  depletion  region  oan  contribute  only 
after  the  oarrlars  diffuse  to  the  CCD  wells. 

Device  testing  le  described  in  Appendix  B of  this  report. 
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2-RAT  TOPOGRAPH? 


The  arrangement  for  transmission  x-ray  topography  ie  illustrated  in 
Figure  0-1.  In  this  figure  we  are  looking  down  on  the  apparatus.  The  slits 
closest  to  the  x-ray  source  liait  the  horizontal  divergence  of  the  x-ray  beau 
so  that  only  the  Kor^  ooaponent  is  diffracted  by  the  sample.  The  second  set  of 
slits  prevents  the  aaln  beaa  froe  falling  on  the  film,  allowing  only  the 
diffracted  beaa  to  expose  the  film.  Since  the  first  set  of  slits  defines  a 
lino  of  x-rays  normal  to  the  figure,  the  film  and  sample  are  soanned  through 
this  beaa  to  fora  an  inage  on  the  fila  of  the  diffracted  x-ray  intensity  from 
the  entire  sample.  Reflection  topography  is  similar,  exoept  that  the 
diffracted  beam  emerges  from  the  same  side  of  the  sample  as  the  incident  been. 
Sinoe  the  main  beaa  now  passes  through  the  sample,  the  second  set  of  slits  is 
not  needed  and  is  usually  omitted. 

Conditions  that  lead  to  the  maximum  detectability  of  defeots  by  x-ray 
topography  were  considered  in  aome  detail  in  the  first  technical  report^  and 
will  not  be  repeated  here.  It  was  shown  that  the  practical  resolution  and 
sensitivity  of  a topograph  were  x-ray  photon  noise  limited.  Therefore,  to  see 
a defect  whose  area  on  the  topograph  is  A and  whose  diffracted  intensity  ia  bl 
above  the  background  intensity  I,  an  exposure  E is  needed  such  that 

^■{E  A(l  - «p(-  uot))}* 


is  greater  than  some  nuaber  (theoretically  2 for  the  95t  confidence  limit). 
The  t*.a  in  square  braoketa  is  the  fraction  of  x-ray  radiation  adsorbed  by  the 
topographic  fila.  The  limitation  Imposed  by  conventional  photographio 
processes  is  that  the  plates  will  withstand  exposures  of  the  order  of  10 
photons/  m2  before  developing  to  a totally  black  plate.  Sinoe  the  plates  era 
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capable  of  recording  exposures  to  the  order  of  1000  photons/um2,  we  have 
explored  the  uae  of  an  alternate  developer  to  reveal  the  latent  image. 

The  use  of  a fine-grain  developer  in  conjunction  with  long  exposure  times 
was  found  to  signlfioantly  reduce  the  graininess  of  the  developed  image,  which 
la  due  to  the  statistical  fluctuation  of  the  intensity  of  x-rays,  and  give 
signlfioantly  higher  resolution  topographs.  The  developer  used  was^ 

0.45  g El on  developing  agent 
3 g Asoorbie  acid 
5 g Borax 

1 g Potassium  bromide 
Water  to  make  1 liter. 

The  developer  is  unstable  and  is  therefore  mixed  two  hours  prior  to  use 
and  discarded  after  development  is  complete.  The  exposure-density 
character! st i os  of  this  developer  at  room  temperature  on  25  urn  Ilford  L-4 
nuclear  plates  exposed  to  CuKc^  radiation  is  shown  in  Pigure  D-2.  In  making 
long-exposure  topographs,  the  development  time  is  adjusted  to  give  good  plate 
density  (average  2)  for  the  exposure  given  to  the  plate. 

To  understand  the  position  of  defects  in  the  imager,  it  is  necessary  to 
understand  the  contrast  from  the  device  itself. 

Figure  D-3(a)  Is  a 422  reflection  topograph  of  an  imager  that  contains  a 
surface  scratch  applied  after  device  fabrication.  The  same  scratch  is  visible 
in  an  optical  micrograph  of  the  imager  in  Pigure  D-3(b).  The  channels  in  the 
optical  micrograph  oan  be  readily  Identified  since  they  contain  additional 
surface  relief  arising  from  the  oxidation  of  the  polysilioon.  This  relief  is 
not  found  on  the  channel  stops.  The  scratch,  therefore,  la  seen  to  lie 
entirely  on  the  higher  channels. 
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Figure  D-3  Postprocessing  Scratch  in  CCD  liasger . (a)  422  reflection 

topograph,  (b)  optical  photograph,  (c)  422  reflection  topo- 
graph. (a)  and  (c)  are  mirror  images  of  (b). 


Figures  D-3(%)  end  D-3(b)  show  that  for  the  422  reflection,  the  channels 
appear  dark  In  the  topograph,  while  the  channel  stops  appear  light.  This  type 
of  contrast  arises  from  the  surface  relief  of  the  laager.  This  nay  be 
qualitatively  understood  by  reference  to  Pigure  D-4.  The  ohannel  stop  Is 
reoesseo  as  a result  of  the  thick  oxide  growth  over  the  ohannel  stop.  The 
protruding  channels  therefore  intersect  a proportionately  larger  amount  of  the 
x-ray  been  than  do  the  channel  stops,  and,  subsequently,  oast  a shadow  on  the 
ohannel  stops.  Thus,  the  channels  receive  a higher  incident  x-ray  Intensity 
than  the  ohannel  stops,  and  have,  therefore,  a higher  diffracted  intensity  for 
this  reflection.  The  exaot  dlffraotion  process  is  somewhat  more  ooaplloated 
and  requires  uonsi  derat  ions  of  energy  flow  from  the  dynaaioal  theory  to  be 
fully  explained.  He  find,  for  example,  that  the  diffracted  intensity  from 
this  reflection  is  higher  than  that  of  the  422  reflection  [Figure  D-3(o)],  for 
whloh  the  surface  relief  of  the  ohannels  and  ohannel  stops  plays  no  part.  This 
shows  that  there  is  an  additional  enhancement  in  overall  diffracted  intensity 
that  is  not  aooounted  for  in  the  simple  argument  given  above. 

The  same  scratch,  Imaged  in  a 422  reflection,  is  shown  in  Figure  D-3(c). 
The  faint  bleak  bands  running  from  left  to  right  arise  from  the  same  type  of 
oontraat  mechanism  as  the  bands  in  Figure  D-3(a),  but  the  surface  relief  is 
substantially  less.  The  horizontal  dark  band  corresponds  to  the  silioon  under 
the  polysilioon  gate,  while  the  light  band  is  under  the  aluminum  gate.  This 
aurfaoe  relief  results  from  the  process  step  where  the  polysilioon  is 
oxidised,  causing  additional  oxidation  of  the  silioon  substrate  that  is  not 
oovered  by  the  polysilioon.  The  ohannels  and  ohannel  stops,  which  are  very 
faint,  may  be  seen  by  viewing  the  image  at  a glancing  angle  from  the  bottom  of 
the  page.  By  correlating  Figures  D-3(b)  and  D-3(o),  it  will  be  seen  that  the 
ohannels  appear  light,  while  the  ohannel  stops  are  darker.  This  contrast 
arises  from  the  strain  field  of  the  doping  in  the  ohannel  stop. 


161 


figure  D-5  is  a topograph  of  suoh  a do  foot  whlob  was  found  in  a 
noaoperatlcnal  portion  of  a devioe  on  float-xoned  natarlal . Defeots  labolad 
*1*  ara  dlalooationa  — rgant  fron  tha  bulk  of  tha  natarlal,  aa  oonflnsed  by 
tmnanlaalon  topography.  Dafaot  "2”  la  a dial  o oat  Ion  that  ban  grown  off  an 
snargant  dislocation  froa  tha  bulk,  labalad  "3.* 


A raflaetion  topograph  of  thla  aaaa  ragion  uodar  a dlffarant  diffraction 
oondltloo  la  ahown  in  figure  D-5(b).  Several  laportant  polnta  ara  llluatratad 
in  thaaa  topographa.  First,  oloaa  exanlnatlon  of  Plguraa  D-5  (a)  and  D-5(b) 
a how  all  dafaot  laagaa  ara  apllt.  Thla  doubla  oontraat  arlaaa  froa  tha 
atraln  flald  of  a single  dlalooatlon  with  aa  adgo  ooapcoant.  Aooordlng  to  tha 
kinwMtloal  thaory  of  laaga  foraatlon^®'^  lattloa  pianos  that  ara  tlltad  aora 
than  ~ 2 tiaaa  tha  angla  over  whioh  tha  perfect  oryatal  diffraota  will 
diffract  klnaaatloally,  giving  an  addad  intanalty.  For  a dlalooatlon  with  an 
adgo  ooaponant , thara  ara  two  soob  rag  Iona,  ona  on  aithar  aids  of  tha  oora 
(Plgura  D-6),  and  hanoa  tha  blaodal  oontraat  pattern.  Suoh  a splitting  has 
previously  boon  observed  in  tranaaiaslon  topographa,  where  tha  diffraction 
conditions  uaad  oeua*d  tha  splitting  to  be  — 5 tiaaa  that  In  our  topographa.^ 
Tha  observed  total  laaga  aisa  la  In  tha  range  of  what  la  theoretloally 
expected  for  a single  dlalooatlon.  Aooordlng  to  Lang  and  Poloarova,*0  tha 
laaga  width  of  a dlalooatlon  la  given  by 


w * 


where  C la  a constant  aoaewhat  greater  than  unity,  and  5 la  tha  wxtinction 

9 

distance  of  the  x-rays  for  tha  reflection  under  consideration.  Tha  extinction 
distance  depends  on  tha  angles  that  tha  incident  and  diffracted  x-ray  beans 
■ska  with  tha  aurfaoe.  In  our  oasa,  tha  inoldant  radiation  can  enter  tha 
oryatal  at  either  a glancing  angla  on  tha  ohannel  and  channel  atop  top 
surfaoes,  or  nearly  perpendicular  to  the  crystal  at  the  edge  separating  tha 
ohannel  and  ohannel  atop;  hence,  we  have  a situation  aora  oonplex  than  that 
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derived  for  the  simple  theory.  If  we  assume,  however,  that  the  x-ray  field  in 

the  crystal  arises  entirely  from  the  glancing  incidence  radiation,  then  § is 

9 

calculated  to  be  8.3  nm,  meaning  the  width  ia  given  by 
W = 1 . 32  C g • b pro  . 

Now  if  g • b = 3 [which  is  the  case  for  £ = 1(101)] , and  if  C » 2,  then  the 
calculated  and  observed  image  size  would  agree.  The  effect  of  the  radiation 
incident  on  the  channel/ channel  stop  edge  should  be  to  increase  the  extinction 
distance,  allowing  for  a smaller  value  of  C for  agreement. 

Comparison  of  Figures  D-5(a)  and  D-5(b)  also  shows  that  the  image  of  the 
channels  and  channel  stops  is  shifted  from  the  image  of  the  defects  in  these 
topographs.  A study  of  several  pairs  of  topographs  indicates  that  this  shift 
is  approximately  5 pm  between  the  two  topographs  for  the  (22M)  type  of 
reflections  This  means  that  in  each  of  the  two  topographs,  which  are 
symmetrically  related  by  a 180°  rotation  of  the  device,  the  image  of  the 
channels  and  channel  stops  is  shifted  2.5  pm  toward  the  incident  x-ray  beam 
(in  the  direction  of  the  g vector),  and  hence  the  correct  location  of  the 
defect  is  in  a position  2.5  pm  in  the  direction  of  the  g vector. 
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APPBPIX  B 


Tgjjgmgsigg  blictiom  michosoopt 

The  transmission  electron  microscopes  used  ir  these  Invest iget ions  were  s 
Siemens  IA  operating  at  125  k7  and  a JE0L100CX  operating  at  100  kf.  The  > 

latter  instrueent  ia  equipped  with  a field  emission  gun,  a STEM  attachment, 
and  energy  dispersive  x-ray  analyzer.  The  techniques  used  to  reach  the 
conclusions  presented  are  standard  and  are  well  treated  in  the  books  by 
Loretto  and  Smallrean,1*1  and  by  Hirsch,  et  al.*42  The  weak  beam  technique  is 
dealt  with  in  papers  of  Ray  and  Cockagne.1*^ 

The  sample  preparation  technique  is  summarized  below. 

(1)  The  specimen  was  ground  to  a thickness  of  ~ 100  urn. 

(2)  The  specimen  was  chemically  thinned  to  a thickness  ~ 25  urn. 

(3)  A stainless  steal  ring,  3 am  diameter,  was  then  attached  over  the 
desired  specimen  area  using  a mixture  of  photoresist  and  carbon 
paint.  Paraffin  wr.s  placed  in  the  center  of  the  ring,  and  iae 
specimen  disk  etched  out. 

(4)  After  removal  of  the  paraffin,  the  sample  was  mounted  on  paraffin, 
and  the  sample  thinned  to  the  desired  thickness  of  ~ 1 pm. 

The  etchant  used  was  that  originally  reported  by  Lawrence,1*^  with  the  HF 
concentration  adjusted  to  give  the  desired  etch  rate. 

With  this  procedure,  it  was  found  possible  to  consistently  obtain  areas 
sufficiently  thin  for  electron  transmission  of  250  urn  x 250  Mm  in  the  desired  * 

area  of  a device. 
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